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Abstract
Loosening and migration o f tibial prostheses have been identified as causes o f early total 
knee replacement (TKR) failure often due to defected bone in the proximal tibia 
compromising fixation and alignment. Clinical studies using metal augments have shown 
these to be an alternative to other means of defect treatment. Finite element (FE) analysis can 
be used to identify regions prone to loosening and migration and to advise surgical teams on 
appropriate course o f action when dealing with defects. 2D initial stability studies were 
carried out with two defect angles considered. Analysis indicated that the use o f a metal block 
results in the lowest stress values near the defect margin and cement-bone interface shear 
stresses in both defect sizes. Stem extensions were more beneficial in treatment o f larger 
defects. A bone remodelling algorithm is described and applied to the 2D models. Results 
showed more bone loss for the metal augment models compared with the cement augment 
models. It is believed that the extra bone loss is unlikely to result in augment loosening.
3D FE models o f non-defect TKR showed good stability with stresses produced within the 
maximum thresholds for compressive, tensile and shear strengths. The stem extension was 
shown to reduce displacements and proximal stresses in the cancellous bone while not 
contributing to excessive stress-shielding. 3D FE models o f TKR defect models treated with 
block augments showed that where defects are less than 15 mm, a standard stem is adequate. 
The use o f cement to fill proximal defects is not considered suitable as stresses carried by the 
cement block exceed those of the fatigue limit. Metal augments are considered superior to 
that o f cement augments as they reduce bone stresses. Both conical augments were shown to 
produce high stresses at the bone/augment interfaces and stem tip. There is evidence that 
press-fit stems are capable of reducing these stress concentrations. Thus it is recommended 
that press-fit stems be used in treating severe defects with conical augments. The large 
conical augment was used to treat an uncontained defect with symmetrical and asymmetrical 
loading. The use of block augments should be considered by the surgeon to treat large 
uncontained defects. Conical augments should be considered when the cancellous bone 
contains large central cavitary defects. The use of stem extensions is recommended in this 
case as they significantly reduce the unstable high cancellous bone stresses produced by the 
peripheral defect.
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Introduction
1.1 Background
With the number o f total knee replacements (TKRs) increasing every year (over 55,000 in the 
UK in 2005), the number o f revision replacements has also increased with the current 
prosthesis success rate approximately 90% at 15 years (Kurtz et al., 2007). The success rate 
following revision replacement however is lower at 79% after 10 years (Sheng et al., 2006). 
Aseptic loosening and migration of prostheses (see Figure 1.1) have been identified as 
primary factors for early failure o f TKR and thus a study o f the initial and long-term stability 
is necessary to address this high revision rate.
Initial stability analysis is based on the theory that migration occurs soon after implantation 
and is a result o f mechanical failure of the cancellous bone surrounding the implant (Taylor et 
al., 1998). Thus a TKR which is said to be initially stable is one where the stresses produced 
do not exceed certain threshold values (e.g. yield strength) which would result in failure of 
the component or bone. Long term stability analysis focuses on predicting the volume and 
location o f bone loss (and thus site of possible failure) which occurs due to the phenomenon 
of bone remodelling. Bone remodelling occurs due to the adaptation of the host bone to the 
insertion o f the stiffer prosthesis. Thus a TKR which is said to be stable in the long term is 
one where the volume o f bone resorbed (of which some is inevitable) will not result in loss of 
bone support for the prosthesis which could lead to loosening or migration.
Obtaining stability o f the prosthesis and bone is often made extremely difficult due to 
defected bone in the proximal regions of both bones. Stability can be compromised by failure 
o f the surgical team in obtaining correct implant alignment and sufficient bone-implant 
interface. Augmented features (i.e. wedge, block and conical augments) are commonly used 
in conjunction with TKR to treat defected bone with the choice o f augment due to the type of 
defect presented at time o f surgery. Augments have shown to be a viable alternative to other 
defect treatments available (i.e. use o f bone graft and cement). The use of bone cement to fill 
proximal defects may be sufficient when defects are small. However their use in larger 
defects (above 5 mm) may increase the risk o f failure when compared with metal augments.
1
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While the usual approach is to combine augmented features with stems o f increased lengths, 
this is often considered over-conservative, with added removal difficulties should further 
revision become necessary. Although research in TKR initial and long-term stability using 
finite element (FE) methods has been extensive no consideration has been given to examining 
the stability and potential of augmented features using FE with and without the use of long 
stems. It is necessary to produce FE models with tibial augments to analyse the resulting 
stress fields produced which can add valuable insight into explaining the clinical results and 
offer advice to orthopaedic surgeons into how best to treat tibial defects at time o f surgery.
Figure 1.1 Loosening of the tibial component of TKR prosthesis (Akromion, 2007).
1.2 Objectives
The main purpose o f this research is to analyse the initial and long-term stability o f TKR 
components and, in particular augmented features through the use of FE modelling (see 
Figure 1.2). These objectives are summarised as follows:
• Two-dimensional (2D) models will first be produced o f an intact and non-defect TKR 
(with and without stem extension) which will act as control models for the 2D study. 
This was done to verity if the models and subsequent stress analysis produce an 
accurate representation of a regular tibia and TKR model.
• Defect models (wedge and block) of two sizes and two materials (cement and metal) 
will be produced in 2D and their stress profiles analysed. It is hypothesised that 
results will be used to determine whether a wedge or block augment o f metal or 
cement material is more sufficient to treat peripheral defects in TKR in 2D in the first
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instance. The use o f stem extensions will also be modelled and their necessity to 
maintain stability with various augment type treatments and sizes determined.
• Bone remodelling algorithms to predict regions o f bone resorption (and thus regions 
prone to loosening/failure) will be produced and applied to predict the long-term 
stability o f TKR models. The algorithm will first be applied to a 2D femur model to 
verify its suitability to predict accurately bone remodelling patterns.
• The algorithms will then be applied to the 2D tibia models detailed above. Results can 
be used to determine if  different augment types/stem extension combinations are 
likely to result in higher levels o f bone resorption which may lead to an increase in the 
likelihood o f failure o f such devices.
• Three-dimensional (3D) FE models of the mobile bearing (MB) TKR o f the non­
defect model (control model) were created with and without stem extensions. A 
detailed stress analysis was carried out on all models. Again this was done as a 
preliminary study to examine if  reasonable stress profiles are produced and thus if  this 
model represents an accurate tibia bone model.
• These 3D models were then extended to incorporate block augments o f two sizes. All 
models were modelled with and without stem extensions. Both cement blocks and 
metal blocks were examined in treating uncontained peripheral defects to determine 
the most suitable method to treat such defects and the necessity o f stem extensions.
• Contained defect models treated with conical augments o f two sizes were produced 
with and without stem extensions to determine if  a stem extension can be avoided in 
the treatment of such defects.
• Finally the large conical augment was used in a further study to examine its usage in 
treating uncontained peripheral defects and was modelled both with symmetric and 
asymmetric loading.
The models aim to verify the best course o f action in dealing with contained and uncontained 
defects with the various options available to the surgeon with a patient presenting with 
defected tibial bone. Information from the FE studies can help surgeons make more informed 
decisions regarding appropriate action to deal with different clinical situations such as choice 
o f prosthesis material, cement and stem length and produce sets of surgical guidelines for the 
use o f augments. Thus this could ultimately improve the stability o f TKR devices, minimise 
the possibilities o f prosthesis loosening and reduce the rate o f TKR revisions.
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1.3 Thesis Structure
The thesis outlines the background information (i.e. literature review) associated with TKR 
which identifies the need for research into the initial and long term stability o f augmented 
features using FE analysis in chapter 2. Chapter 3 describes the creation o f non-defect, wedge 
and block TKR models of two sizes in 2D. The chapter details an analysis o f the initial 
stability o f the models by comparing the average von Mises stress values at various regions 
of interest adjacent to the prosthesis and the shear stresses along the cement/bone interface. 
The remodelling algorithm employed was described in Chapter 4 with results o f 2D FE 
models where the algorithm was applied.
The remainder of the thesis deals with initial stability TKR MB 3D modelling. The initial 
stability analysis involves first examining the displacement values and directions o f the 
models. The normal stress distribution in the direction o f applied load o f all models is then 
compared. A load sharing analysis is carried out whereby the quantity of load for each part in 
the model is compared at 4 mm increments from the bone cut. The von Mises stresses are 
compared to examine the stabilities (i.e. examine if  the fatigue limits are exceeded) which 
may be compromised due to regions of high stress concentration or regions o f critically low 
stress which may lead to bone resorption. In some chapters the shear stresses under the 
cement layers are compared.
Chapter 5 describes the non-defect TKR model with (hereby referred to as a press-fit stem) 
and without (hereby referred to as a standard stem) a stem extension. Chapter 6 and 7 details 
the creation o f the small block and large block TKR models respectively with standard and 
press-fit stems. Stress analysis o f cement and metal block (i.e. two methods to fill the defect) 
are also compared. Chapter 8 details the creation of the small conical and large conical TKR 
models used to treat a contained proximal tibial defect while chapter 9 focuses on the use o f 
the large conical augment to treat an uncontained tibial defect. In addition chapter 9 also 
looks at the effect of symmetric and asymmetric loading on the resulting stresses in the 
proximal tibia. Finally the thesis completes with some discussion and conclusions drawn 
from current research as well as recommendations for future work.
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Figure 1.2 Summary of research work undertaken.
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The following chapter details an introduction to the anatomical features o f the knee joint and 
the biomechanics associated with it. The clinical provision o f TKR is described with details 
o f the types o f prosthesis design used. Analysis of previous initial stability TKR studies 
through the use o f FE modelling is also detailed. The phenomenon o f bone remodelling is 
analysed along with clinical evidence o f its occurrence. Background information on the use 
o f mathematical algorithms to predict remodelling trends are also reviewed along with their 
use in bone models.
2.1 Anatomy and Alignment of the Knee Joint
The knee joint (see Figure 2.1) can be classified as a synovial joint comprising o f two 
weightbearing joints surrounded by a joint capsule. The tibiofemoral joint can be classified as 
a diarthrodial modified hinge joint with six degrees of freedom. The other main articulation is 
the patellofemoral joint. The tibiofemoral joint is also made up o f various ligaments, synovial 
membrane menisci and articular cartilage. It consists o f the articulation o f the lateral and 
medial condyles o f the distal femur and the corresponding tibial plateaus o f the proximal 
tibia. Anatomically the tibial plateaus are small depressions in the proximal tibia which are 
separated by the intercondylar eminence.
The load bearing axis (LBA) passes from the femoral head to the centre o f the ankle in the 
lower limb (see Figure 2.2). In the healthy patient this axis will pass through the centre o f the 
knee joint in extension. The hip-knee-ankle (HKA) angle is defined as the angle which the 
actual mechanical axis o f the bones deviates from this ideal state. A positive value indicates a 
valgus deformity (i.e. angle deviates medially) and a negative value indicates a varus 
deformity (i.e. angle deviates laterally). Other angles o f interest include the condylar-hip 
(CH) angle which is defined as the angle between the mechanical axis of the femur and a line 
tangent to the outline o f the femoral condyles and the plateau-ankle (PA) angle which is 
defined as the angle between the mechanical axis o f the tibia and a line eonnecting the medial 
and lateral sides o f the tibial plateau. Finally the conylar-plateau (CP) angle is defined as
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angle between the femoral and tibial joint surfaees. The sign convention for the CH and PA 
angles are positive in the valgus direction and negative in the varus direction with their values 
been defined as a deviation from 90° (Cooke et al., 1998).
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Figure 2.1 Basic anatomy of the knee joint (Plus Orthopedics, 2007).
LBA Axis
Figure 2.2 LBA of the left lower limb in full extension (frontal view) with varus deformity. Also shown are 
the CH, PA, CP and HKA angles (Cooke et al., 1998).
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2.1.1 Menisci
The lateral and medial menisci are discs of fibrocartilage o f semilunar shape found fixed to 
the lateral and medial tibial plateaus respectively. The menisci vary in thickness from their 
peripheral edges where they are thickest to their inner edges which are o f paper thinness. The 
menisci are held in position at their peripheral edges to the tibia by the joint capsule and the 
medial meniscus is also joined to the medial collateral ligament. The lateral meniscus on the 
other hand is not joined to the lateral collateral ligament. Also the lateral and medial menisci 
are connected by the transverse ligament
The menisci contribute greatly to knee joint motion and survival. They are provided with a 
large supply o f blood vessels and nerves which allow inflammation and repair. The outer 
margins o f the meniscus are generally richer in blood supply and nerves and the latter are 
important for transmitting stimuli to function in knee position, velocity and acceleration. The 
main functions o f the menisci are their contributions to load distribution (carry approximately 
70%), shock absorption and stress reduction at the articulations o f the femoral condyles and 
tibial plateaus. Studies have shown that although the tibiofemoral joint may still carry out its 
main functions in the absence of the menisci (i.e. patients who have had meniscectomies) it 
will be prone to three times higher stresses on the joint during load bearing activities with 
increased volumes o f wear between the surfaces o f the bones (Gray, 1999). Absence o f the 
menisci also affects load distribution with body weight being applied to just one contact area 
in the centre o f the tibial plateau.
During flexion o f the tibiofemoral joint the lateral and medial menisci move in a posterior 
direction while simultaneously the lateral meniscus moves laterally and the medial meniscus 
moves medially. This movement is significantly higher in load-bearing (e.g. standing) than 
non-load bearing (e.g. sitting). Hence the menisci are believed to also contribute to stability 
o f the tibiofemoral joint.
2.1.2 Ligaments
The function o f the ligaments is to maintain the stability o f the joint and hence prevent 
dislocation. The medial collateral ligament is attached proximally to the femoral medial 
condyle and distally to the medial tibia and functions to prevent forces which tend to push the 
knee joint in a medial direction (i.e. prevent valgus deformity). The lateral collateral ligament 
is attached proximally to the femoral lateral condyle and to the lateral side o f the fibula head
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and functions to resist forces which tend to push the knee joint in a lateral direction (i.e. 
prevent varus deformity).
The other main group o f ligaments in the joint are the cruciate ligaments. The cruciate 
ligaments pose necessary restrictions on the anterior and posterior slidings o f the femur on 
the tibia during flexion and extension as well as preventing knee hyperextension. The anterior 
cruciate ligament (ACL) is attached anteriorly to the tibia’s anterior intercondyloid fossa and 
projects in a superior, posterior direction to connect with the femur at its posterior medial 
surface o f the lateral condyle. The posterior cruciate ligament (PCL) is attached posteriorly to 
the tibia’s posterior intercondyloid fossa and projects in a superior, anterior direction to 
connect with the femur at its anterior lateral surface o f the medial condyle. Other ligaments o f 
interest include the patellar ligament (often referred to as the central portion o f the quadriceps 
tendon -  not shown in Figure 2.1 for reasons o f clarity) which connects from the tuberosity of 
the tibia to the patella bone.
The natural anatomy and alignment of the knee joint is important in the TKR procedure and 
subsequent FE model creation in this research. The TKR procedure aims to correct 
deformities in the alignment and natural function (e.g. work o f ligaments and menisci) o f the 
knee joint by incorporating features in the prosthesis which replicate the function o f the 
diseased tissue (e.g. the bearing component in TKR replicates the menisci function). These 
prosthesis features will be discussed in later sections.
2.2 Biomechanics of the Tibiofemoral Joint
2.2.1 Kinematics
The tibiofemoral joint has six degrees o f freedom (i.e. three translational planes and three 
rotational planes) with two main articulations found between the medial and lateral condyles 
o f the femur and their corresponding tibial articular surfaces. The primary motion o f the knee 
joint takes place in the sagittal plane. The three principal rotations of the tibiofemoral joint 
(see Figure 2.3) are flexion/extension (sagittal plane) varus/valgus rotation (frontal plane) and 
internal/external rotation (transverse plane). The three translations o f the joint are 
anterior/posterior translation, proximal/distal translation and medial/lateral translation. Many 
of the joint motions occur simultaneously during everyday activities. The anatomical position 
is usually taken as the zero position and the degree o f movement is defined in relation to this.
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Flexion/extension is the predominant motion of the joint and directly affects the amount of 
rotations in the other planes. It ranges from 0° full extension (i.e. anatomical position) to 140° 
full flexion in a healthy joint. The degree of motion varies significantly in gait depending on 
the speed o f movement. During stance phase of free walking flexion varies approximately 
from 6-12° and usually ranges from 18-30° in running (Perry et al., 1977). After TKR the 
maximum amount of flexion is approximately 105° when undergoing regular activities (van 
der Linden et ah, 2006).
The two main types of motion which occur at the joint include rolling motion and gliding 
motion primarily in the anterior/posterior direction. The rolling motion activates 
flexion/extension and gliding motion occurs toward the end o f flexion/commencement of 
extension. As the knee is undergoing flexion the femur naturally glides in an anterior 
direction on the tibia. This is necessary to prevent the femoral condyles “rolling o f f ’ the tibial 
plateaus. The opposite occurs during extension of the joint. The three hamstring muscles (i.e. 
semitendinosus, semimembranosus and biceps femoris) are the primary flexors of the knee 
joint. Other muscles which contribute towards knee flexion include gracilis, sartorius, 
popliteus and gastrocnemius. The quadriceps muscles are the extensors of the knee joint.
M e d i a l - L a t e r a l
, /  Fem urA n t e r i o r - P o s t e r i o r
V a r u s - V a l g u s
P r o x i m a l - D i s t a l E x t e n s i o n - F l e x i o n
Tibia
d  I ^  I n t e r n a l - E x t e r n a l
Figure 2.3 The six degrees of freedom of the tibiofemoral joint (Woo et al., 1994).
As flexion begins the tibia rolls anteriorly on the femur resulting in elongation o f the PCL in 
what is often referred to as the “screw-home” mechanism. The PCL restricts this movement
10
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as flexion continues causing the tibia to glide anteriorly on the femur. The tibia externally 
rotates on the femur from 20 flexion to 0 flexion (i.e. full extension) due to the larger radius 
o f curvature o f the medial femoral condyle. This rotation is necessary to allow full extension 
of the joint and sufficient stability. The biceps femoris is the main muscle which acts to allow 
external rotation o f the tibia. This process is then reversed when the joint undergoes 
extension from 0 to 20 and the tibia internally rotates. The primary muscles which become 
active for internal rotation of the tibia include semimembranosus, semitendinosus and 
popliteus. This occurrence is often referred to as the “screw-home” mechanism. The amount 
o f rotation is estimated to be approximately 5-10° in both directions (Hoppenfleld, 1976). 
After TKR the amount o f rotation depends on the type o f prosthesis employed and varies 
ft"om 0.1°-2.2° (van der Linden et al., 2006).
Passive abduction (valgus)/adduction (varus) rotations of a few degrees can occur at the knee 
joint usually due the resistance o f the muscles to externally applied moments. The resistance 
to these moments usually arises from the co-contraction o f the hamstrings and quadriceps. 
Research has shown that these contractions have the ability to resist between 11-14% of 
applied moments.
2.2.2 Kinetics
Nordin et al. (2001) predicted that the three main coplanar forces acting on the tibia (during 
mid-stance phase) include the ground reaction force (assumed equal to body weight), tensile 
force produced by the patellar tendon and the joint reaction force exerted on the tibial plateau. 
Other forces which act on the tibia bone include the force exerted by the hamstrings (F//^m) 
and those exerted by the anterior and posterior cruciate ligaments { F a c l  and Fpci). The work 
produced a free-body static diagram to describe this arrangement and estimated the lines and 
points o f application o f these forces. The work showed that the patellar tendon force {F p )  
and joint reaction forces {F ji) were 3.2 and 4.1 times greater than that o f the ground reaction 
force respectively. In order to estimate these forces a static free-body diagram was used (i.e. 
sum of moments about the centre of motion of the joint is equal to zero) and Fpp was 
estimated to be:
2.1
where Fpw is the person’s body weight (the weight o f the lower leg is omitted as it is 
estimated to be only one-tenth of human body weight), a  is the perpendicular distance o f the
11
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ground reaction force from the centre of motion and b is the perpendicular distance o f the 
patellar tendon from the centre of motion (see Figure 2.4).
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Figure 2.4 Free-body diagram of the tibia bone showing main forces acting.
The tibiofemoral joint is subjected to largely compression and shear forces under loading in 
everyday activities. When the knee is fully extended during gait compressive forces dominate 
(Nordin et al., 2001) which can vary remarkably during everyday activities (e.g. three and 
four times BW during the late stance phase of gait and stair climbing respectively). Also in 
extension and stance phase the medial tibial plateau is shown to bear the majority o f loading 
while in swing phase (also lower loading) the lateral tibial plateau bears the majority o f the 
loading (Morrison, 1970 -  see Figure 2.5). This is mainly due to the larger surface area of the 
medial tibial plateau (i.e. -60%  larger) and the greater volume of articular cartilage on the 
medial plateau (i.e. -3  times thicker). Other studies to detennine static forces at angles of 
flexion have shown that muscular forces of 3.44-6.19 times BW are transferred into 
compression forces of 2.62-5.89 times BW and shear forces in the posterior direction of 2.61- 
3.89 times BW on the tibiofemoral joint (Kellis, 2001). As referred to in Section 2.1.1 the
12
Chapter 2 Literature Review
menisei are largely responsible for load transmission and are estimated to transmit 
approximately 45% of loading at the joint (Shrive et al., 1978).
GO
Figure 2.5 Location of the majority of tibial loading in relation to percentage of gait cycle with max, min 
and average values also shown (Morrison et al., 1970).
In order to truly estimate the magnitudes of the forces and moments that are exerted on the 
tibiofemoral joint a dynamic analysis is necessary due to the nature of the motion of the joint 
(i.e. change in joint angle during movement). The usual objective of this analysis is to reduce 
the dynamic problem (for a particular dynamic activity e.g. kicking a football) to a simpler 
static having first determined the magnitudes of the forces acting on the joint (F) present. The 
usual procedure is to first determine the torque (7) about the joint according to the equation:
T — l a  — F d  2.2
where 1 is the mass moment of inertia, a  is the angular acceleration and d  is the perpendicular 
distance of the force from the joint. Frankel and Burstein (1970) utilised this method to 
determine the muscle force exerted on the joint by the patellar tendon. Using a stroboscopic 
film o f the knee and lower leg the angular acceleration was found to be 453 rad/sec^ at a 
maximum at the instant of contact between the subject’s leg and the football. The mass 
moment of inertia is determined from anthropometric data tables and the torque value was 
found (158.5 Nm). The perpendicular distance of the line of action of the patellar tendon is 
found through measurement and finally the force exerted by the patellar tendon is found by 
Equation 2.2 to be 3170 N. Thus using similar techniques as in the static analysis the joint 
reaction force can be calculated.
Tibiofemoral joint forces and flexion-extension angles vary during the different stages of the 
gait cycle (see Figure 2.6) mainly due to the action of different muscle groups at different 
stages (see Figure 2.7). Tibiofemoral forces occur mainly in the direction o f axial loading 
(Ry) with forces in the other directions (Rx and R%) negligible. After heel strike the axial force
13
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is 2-3 times BW due to the contraction of the hamstrings at this stage (average 1200 N). At 
the early stage of the stance phase this force reduces to approximately 2 times BW due to 
contraction of the quadriceps muscles (average 743 N) which reaches a peak flexion angle of 
approximately 10-20° (see Figure 2.8). The patellar ligament insertion angle (PLIA), the 
angle between the patellar ligament and tibial shaft was found to be 23.9 ± 3° at this stage of 
gait. The joint reaction force reaches a maximum at late stance phase (between 2-4 times 
BW) due to contraction of the gastrocnemius muscle (average 1040 N) and finally reaches a 
force in the late swing phase of approximately one times BW (Morrison, 1970).
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Figure 2.6 Joint reaction forces (in terms of body weight) transmitted through the tihial plateau (R* not 
shown for reasons of clarity) during one gait cycle of level walking with max, min and average values also
shown (Morrison et al., 1970).
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Figure 2.7 Muscle forces active during one gait cycle with max, min and average values also shown
(Morrison et al., 1970).
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Figure 2.8 Flexion angle values of tibiofemoral joint during one gait cycle (Halloran et al., 2005).
Shear forces on the tibiofemoral joint occur in cases of extreme flexion (e.g. squatting) and 
high weight bearing. These forces are due to the anterior movement of the femur on the tibia 
and are resisted by the ligaments etc. which can rupture in such cases of high stress.
15
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2.3 Clinical Provision of TKR
2.3.1 Mobility of the Prosthesis
Two main categories o f TKR prosthesis exist in terms of mobility, fixed bearing and mobile 
bearing. In fixed bearing TKR models (see Figure 2.9a) the polyethylene bearing is fiat and 
fixed to the tibial plate. In mobile bearing TKR systems (see Figure 2.9b) rotation occurs 
about the Y axis (i.e. axial rotation) between the tibial components (i.e. the tibial tray and 
polyethylene insert). Theoretical benefits o f this approach include a reduction in the 
loosening forces at the interface o f the bone and prosthesis, which are one o f the main causes 
o f early failure o f knee replacements and a gait pattern more similar to that o f the natural 
joint and a greater range of motion (Sansone et al., 2004). The main objective o f the mobile- 
bearing TKR is to replicate the meniscus of the natural knee joint which allows more even 
distribution o f stresses between the tibial and femoral joint condyles and increased contact 
area during movement.
The rotating platform (RP) is a polyethylene bearing which moves on the surface o f the MB 
tray. One of the unique features o f this component o f TKR prosthesis is that it can convert 
multiple, complex input motions which are highly damaging due to shear forces on the 
polyethylene into unidirectional motions. This in turn also reduces the potential o f early 
failure due to osteolysis as the amount of wear partieles is reduced. There are two main 
categories o f RP tibial inserts: curved and stabilised (see Section 2.3.2). Both enable two 
main primary objectives o f TKR, namely the reduction o f wear, osteolysis and replication of 
the normal joint movement while each possesses similar articulating geometry (Jones and 
Huo, 2006). One possible disadvantage of the MB tray compared with the FB tray is the 
possible increase in the number o f polyethylene wear particles due to the two wearing 
surfaces (i.e. between that of the femoral component and the bearing and that o f the tibial 
component and the bearing) (DePuy UK).
In-vitro studies have demonstrated that fixed bearing TKRs have higher contaet stresses in 
the polyethylene bearing component compared with those of the mobile-bearing design 
(Jones et al., 2006). This is believed to be due to increased shear forces and multidirectional 
motion due to rotation occurring only at the femoral-insert articulation. However clinical trial 
results have been less than favourable. One recent study showed higher revision rates 
associated with mobile-bearing devices due to increased levels o f aseptic loosening (Sehat et
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ah, 2007). Other studies have reported higher revision rates for MB TKRs mainly due to 
instability of the tibial polyethylene bearing (Woolson and Northrop, 2004). This result is 
contradictory to other reports that hypothesise that the unidirectional motion of MB TKRs 
provides extra stability to the joint by replicating the natural joint movement. However a 
recent review study concluded that neither device is superior in terms o f revision rates and 
survival (Van der Bracht et ah, 2010) while other studies showed no difference in terms of 
bone loss between the two devices (Munro et ah, 2010). FB trays have the ability to 
incorporate both wedge and block augment components and stem extensions in TKR while 
MB trays do not have the ability to incorporate any type of augment or stem extension. MB 
revision trays (see Figure 2.10) however have the ability to incorporate block and conical 
augments and stem extensions.
I
(a) (b)
Figure 2.9 (a) Sigma® Fixed Bearing Knee System and (b) LCS® Complete^'’ Knee System  
manufactured by DePuy UK (DePuy UK 2010).
The MB tray usually consists of a highly polished CoCr or T14A16V proximal surface and a 
central stem configuration. There are two main stem designs: a central stem with 4 peripheral 
ribs (same as that o f the LCS tibial tray) and a central stem with sweptback keel which can 
give extra rotational stability. The MB tray can also provide two modes o f fixation as they are 
available in porous coated and cemented versions (Woolson and Northrop, 2004). Trays can 
incorporate polyethylene inserts that are one size smaller, one size larger or of the same size.
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Figure 2.10 The LCS® Complete^^ Revision Knee System (DePuy UK 2010).
2.3.2 Ligament Retention
The anterior cruciate ligament (ACL) is removed in what is a routine procedure in TKR 
procedures due to its degradation in patients affected by arthritis. The decision o f the surgeon 
to either retain or sacrifice the PCL, however is one which has had much debate in recent 
years. Concerns with the decision to retain or sacrifice the PCL lie in range of motion, stair- 
climbing ability and longevity of fixation after procedure. Theoretical advantages of the use 
o f Posterior Stabilising (PS) (i.e. posterior cruciate ligament sacrificing) components include 
a more stable component interface and a less technically demanding procedure while 
advantages of the use of posterior cruciate retaining (PCR) devices include more normal knee 
kinematics with greater prosthesis stabilisation. Clinical studies have shown no significant 
differences between the two devices for ranges of motion and prosthesis performance rates 
(i.e. Knee Society clinical, functional and radiographic scores) and the decision to either 
retain or sacrifice the PCL should be based on the pathology of the PCL at time of surgery 
(Clark et al., 2001, Tanzer et al., 2002).
2.3.2.1 Posterior Cruciate Ligament Retaining TKR Bearing
The curved tibial insert (see Figure 2.11) connects with a cruciate retaining femoral 
component and promotes a balance between anterior/posterior stability and rollback. The 
curved insert can also help reduce peak stresses during the gait cycle of patients. It also 
possesses a large contact area and a strong resistance to medial/lateral liftoff. The design also 
includes anterior and posterior snappers to ensure a precise fit to the tibial component 
(corresponding pockets located on tibial component) when inserted. For retention o f the 
posterior cruciate ligament a posterior cutout/space is included on the design.
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Figure 2.11 RP Curved Tibial Insert (DePuy UK 2010).
2.3.2.2 Posterior Cruciate Ligament Substituting TKR Bearing
In patients where the PCL is severely damaged and is rendered lacking in function, the 
ligament is saerificed by the surgeon. To replace the function of this vital ligament the design 
of the total knee prosthesis is altered to operate on a cam and post design. The “eam” 
component is located on the back portion of the femoral component. The PS tibial insert (see 
Figure 2.12 and 2.13) connects with the interior surface of the femoral component via a 
central post which provides extra stability and consistent reproducible femoral rollback. 
During flexion of the knee joint contact is made between the femoral component and the post 
which forces the femoral component backwards (Surin, 2010). It also converts shear forces 
into compressive forces. The insert has similar oval geometry to that of the cruciate retaining 
insert. In fixed-bearing designs of TKR, this central post has been found to become 
extensively worn due to contingence of the post against the housing o f the femoral 
component (Puloski et al., 2001). An advantage of the PS total knee prosthesis is that it 
results in less pressure on the polyethylene bearing when compared with that o f the PCR 
TKR.
Figure 2.12 RP Posterior Stabilising Tibial Insert (DePuy UK 2010).
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Figure 2.13 PS Total Knee Prosthesis (Surin, 2010).
2.3.3 Rotating Hinge Design
Rotating hinge/linked TKR devices (see Figure 2.14 and 2.15) are usually allocated to 
patients with extensive bone loss, medial/collateral ligament loss, reduction of metaphysis 
and flexion gap imbalance with reduced stability. The hinge is also applied to cases where 
patients have extreme hyperextension due to neuromuscular deficits or severe medio-lateral 
instability. In this device the femoral component contains a tube (which can connect with the 
tibial axle) and a transversal axle (which allows rotation of the tube). The tibial component 
contains a vertical metal axle which is inserted into the femoral tube during surgery to link 
the components. Thus the component can rotate about the vertical axis (i.e. through the 
vertical metal axle) and flex/extend around the horizontal axis (i.e. through the horizontal 
axle). The polyethylene bearing surfaees prevent contaet between the metal axles in addition 
to prevention of contaet between the femoral and tibial components. Thus the device consists 
o f three bearing surfaces to greatly increase load sharing and reduce polyethylene stresses. 
The device also has the ability to convert shear stresses into normal stresses and thus reduce 
wear.
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Figure 2.14 Linked TKR prosthesis (Surin, 2010).
Stem lengths are of a slotted design to decrease pain at the ends of the stem and provide 1 
mm press fit. The modular metaphyseal sleeves which link to the stems are also porous 
coated to enhance bone osseointegration. The distal third of the femoral sleeve and the 
proximal third of the tibial sleeve are textured as an aid to avoid stress shielding. Various 
thicknesses of the polyethylene bearings are also available (Pour et al., 2007).
Figure 2.15 S-ROM® NOILES^^^ Rotating Hinge Knee System (DePuy UK 2010).
2.3.4 Defect Treatments
Tibial defects in the proximal tibia are a common occurrence in patients undergoing primary 
and revision TKR. Tibial defects can be central or peripheral, but are more commonly 
classified according to the Anderson Orthopedic Research Institute (AORl) (Engh and 
Ammeen, 1999). Type-1 defects typically refer to a contained defect with damage to the 
proximal cancellous bone (usually treated with cement or bone graft). Type-2 defects refer to
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uncontained defects with damage to one or both tibial condyles classified as type-2A and 
type-2B defects respectively (usually treated with metal augments when defect is greater than 
5 mm). Type-3 defects refer to large damage to proximal metaphyseal bone usually below the 
level o f the tibial tubercule, with damage been either unicondylar or bicondylar, again 
classified as type-3A and type-3B defects respectively (usually treated with metal augments, 
conical augment or hinge prosthesis). In order to maintain tibial component fixation it is 
important to take corrective measures to ensure a stable platform for the implanted prosthesis 
and prevent loosening o f the prosthesis commonly due to poor fixation and alignment by 
choosing an appropriate method to fill the defect.
Resection o f the tibia to the same level as the worn bone results in a large loss o f healthy 
bone on the non-deficient side as well as the exposure o f weaker underlying cancellous bone. 
This is mainly confined to the treatment o f shallow defects (Harada et ah, 1998). Bulk 
allogeneic bone graft is used as a substitute for bone in patients who exhibit large bone loss at 
the time o f surgery. The use of bone allograft has been documented to show non-union o f the 
graft to the bone as well as the possibility of collapse of the graft. Disadvantages o f this 
approach include failure due to fatigue stresses, removal o f the patients’ native bone to 
achieve stability, increased surgery time and the possibility o f disease transmission from the 
donor. However allograft is still necessary in cases where bone defects are too large for 
augmentation alone (Dennis, 2002).
Reasons for the use of prosthetic augments in primary TKR include when >40% of the 
interface between the bone and implant is not supported sufficiently by the host bone or when 
there are indications that the trial implant will displace. Augments are attached to the tibial or 
femoral components through the use of cement or bolts. Some bone resection o f the defect 
area is often necessary to conform the region to the size of the augment and to decrease the 
load at the bone-implant interface (Cuckler, 2004). Prosthetic augments used in TKR surgery 
include wedge, block and conical (of various sizes) augments (see Figure 2.16). Alternatively 
the defect is filled using cement alone. Types of conical augments include step cones where 
the tibia has a larger defect on one side and full cones where there is symmetric loss o f bone 
on the tibia (see Figure 2.17). Augments are often constructed using trabecular metal for its 
excellent bone ingrowth properties.
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Figure 2.16 MBT Revision Tray with (a) 10 mm block augment and (b) conical augment manufactured by
DePuy UK.
Figure 2.17 Full and stepped tibial conical augments with corresponding defects (Rosenberg, 2006).
The presence of complete, progressive or greater than 2 mm radiolueent lines are an 
indication o f loosening of the component. An early study of the use of modular tibial metal 
wedges (Brand et al., 1989) showed no failure or loosening o f the component with incidence 
o f non-progressive radiolueent lines (less than 1 mm) of 27% noted under the wedge augment 
at the wedge-cement interface. No roentgenograms showed any evidence o f complete 
radiolueent lines, radiolueent lines o f greater than 2 mm or progressive radiolueent lines (i.e. 
the indications of probable component loosening). All patients had tibial defects greater than 
13 mm and less than 31 mm. In the case of patients with defects larger than 25 mm a mantle 
is employed usually made from bone graft to support the augment. It was concluded that the 
use of modular metal wedge augments is preferable in elderly low-demand patients with 
severe defects.
23
Chapter 2 Literature Review
Chen et al. (1994) carried out an in-vitro study to compare the stiffness values o f a cement 
wedge TKR against that o f cement block (i.e. stepped profile) TKR. Two defect angles o f 20° 
and 35° were investigated. In addition a 20° defect treated with a metal wedge and metal 
block were created and compared with the cement results. In the case o f both defect angles 
the cement wedge model had the lowest stiffness value indicating the lowest stability. No 
significant difference was recorded between the stiffness values o f the metal wedge (28.6 ± 
1.52 (200 N/mm)), metal block (29.8 ± 1.77 (200 N/mm)) and cement block (30 ± 0.76 (200 
N/mm)) models. This reduced rigidity is most likely due to stress concentrations in the 
cancellous bone at the inner margin o f the tray and augment and an increase in shear forces 
acting on the defect area due to its tapered nature. Other studies have also shown that the use 
o f metal wedge augments reduce the deflection of the tray when compared with the use of 
cement wedges (Brooks et al., 1984).
Jeffery et al. (1994) demonstrated the use of tibial wedged augments on defects o f one tibial 
condyle (see Figure 2.18). The tibial component incorporated a polyethylene wedge on its 
undersurface whieh was at an angle o f either 15 or 30 whieh can be trimmed to fit the bony 
deficit. The study eompared TKR subjects with various degrees o f tibiofemoral misalignment 
with and without (control group -  use of cement to fill bony defect) the use o f augments. 
Findings include good stability o f the augments with no loosening after an 8-year period 
compared with loosening in 17% of cases in the control group. The control group also 
demonstrated fracture o f the cement wedge in 10% of cases. However the study showed that 
the use o f augments made no contribution to postoperative alignment. With the target HKA 
angle being 7° valgus, the control and study group postoperative HKA angles were 5.9° and 
4.8° (i.e. over-correction) respectively. Patel et al. (2004) found evidence that the use o f 
modular augments in the treatment of type-2 defects in revision knee surgery is a viable 
option. Results showed the presence o f radiolueent lines in 2% of distal femoral augments 
and 15% of proximal tibial augments. Other studies have shown little connection between 
radiolueent lines and mechanical failure (Cuckler, 2004). Theoretical concerns including 
fretting and loosening associated with femoral and tibial augments were not reported in this 
study with 92% survival rate at 11 years. Also the study found that wedge-shaped augments 
are less stable than stepped and rectangular augments (Patel et al., 1994).
Radney and Seuderi, 2006 examined the use o f porous tantalum tibial cones with morselized 
grafting material in cases of defects to the proximal tibia metaphysis and the junction o f the
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femoral metaphyseal-diaphyseal junetions respeetively. The findings show good stability 
with no evidence of loosening or migration and good strength properties of the tibial cone 
eomponent. No long tenn results on the stability of eonical augments are currently available.
Figure 2.18 TKR showing modular tibial wedge augment on medial side (Haas et al., 1995).
The function of stem extensions (see Figure 2.19) is usually to prevent roeking and to by-pass 
bone defects or offload stresses from the proximal region to the stronger distal cortieal region 
(i.e. transfer body loads along the stem), particularly in patients with weaker bone stock, thus 
reducing the possibility o f loosening in the weaker proximal caneellous bone and eontribute 
to overall stability o f the TKR (Mabry and Hanssen, 2007). Rawlinson et al. (2005) examined 
the mechanieal stability o f long stems and also the cancellous bone strains o f the proximal 
tibia as a result o f the use of a stem extension. The study used an in-vivo model o f a 
eonstrained condylar knee (CCK) and FE models corresponding to the in-vivo model. Results 
showed that the use of a stem extension does little to reduce implant motion by eomparing the 
results of extended and unextended stems regardless o f the loading conditions used. The 
study showed that the use of a stem extension in TKR significantly reduced the compressive 
strains and stresses (i.e. far below their yield values) present in the cancellous bone and thus 
would reduce the possibility of loosening. The diameter o f the stem extension used was also 
shown to have an effect on the strains with a larger diameter decreasing the compressive
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stresses and strains in the proximal bone. In the case of augments being necessary to treat 
defects, long stems are also used whieh can pose large problems if revision surgery beeomes 
subsequently necessary due to the large amount of bone loss due to stress shielding and 
prosthesis removal.
Partieular attention has been given towards the clinical performance o f cemented and 
eementless/press-fit stems. The main advantage of press-fit stems over cemented stems is in 
the ease of removal should revision surgery become necessary. Press-fit stems are usually 
selected when the patient has good diaphyseal bone (i.e. no canal deformities) and ean be 
useful in creating adequate limb alignment. Cemented stems are often chosen when it is 
necessary to extend the proximal eemented portion into the medullary canal for appropriate 
Fixation due to damaged/sclerotic proximal metaphyseal bone. A comparison between the 
clinical performance of cemented and press-fit stems was conducted in a study by Fehring et 
al., 2003. The study consisted of 107 cemented and 95 press-fit stems. The follow-up results 
showed that 93% of the cemented stems and 71% of the press-fit stems were classified as 
stable, 7% of the eemented stems and 19% of the press-fit stems were classified as possibly 
loose and 0% of the cemented stems and 10% of the press-fit stems were classified as loose. 
Other studies have also showed superior clinical results for cemented stems compared with 
press-fit stems (Shannon et al., 2003).
= C Î
Figure 2.19 Stem extensions of various lengths.
2.3.5 Contact Mechanics
Studies have been carried out to evaluate contact mechanics (i.e. contact locations, areas and 
pressures) by means of in-vitro testing, FE methods, mathematical models and in-vivo tests at 
various stages of the gait cycle. In-vitro testing has been carried out on a mobile bearing
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primary total knee prosthesis in conjunction with Fuji Prescale (FP) pressure-sensitive films 
(Villa et ah, 2004) which can measure contact areas and stresses in addition to contact 
locations at different angles o f flexion (see Figure 2.20). Results show that as the angle of 
flexion increases from 15° to 45° the contaet area moves in a more anterior direction with 
little difference (-6%  discrepancy) between contact areas measured using FE method 
calculations and FP film measurements (see Figure 2.21). Limitations associated with the use 
of the FP method have been identified in studies where values obtained vary depending on 
the elastic modulus of the FP film used and crimping of the FP film surface (Liau et al., 
2002). Results from an in-vivo study (D’Lima et al., 2008) using an electronic prosthesis 
capable of outputting tibial forces were also similar. In this study the force data obtained from 
the electronic prosthesis was used to calculate contact stresses through FE analysis. These 
stresses and outputted contact stress maps were similar to that of Liau et al., 2002. However 
the reasoning behind the location o f the applied load in the FE models was not reported.
15° Iftxton
4 5  'lex io n
60 flexion
Figure 2.20 Maps obtained on superior surface of PE inserts at 15°, 45° and 60° flexion with values in 
MPa. Left column: FE contact pressure map. Middle column: contact pressure maps. Right Column:
contact areas measured (Villa et al., 2004).
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Figure 2.21 Maximum pressure values and contact areas for different flexion angles when measured with 
FP film measurements and FE methods on the superior surface of the PE insert (Villa et al., 2004).
2.4 FE TKR Modelling
FE studies have been carried out to compare the effects of different aspects of TKR designs 
on short term stability. The general objective is to reduce the rate of revision TKR by 
choosing the most effieient design to be used based on the patient scenario (e.g. degree of 
bone loss, activity/age of the patient). Most studies involve contaet analysis (i.e. 
stresses/strains) of the interface stresses and stress distributions throughout the bone and TKR 
components. Validation o f FE models is carried out in many studies against in-vitro bone 
models to determine their suitability and accuracy in predicting results. Early 2D studies 
examined the stress fields in the proximal tibia bone before and after TKR in both the frontal 
plane (Vasu et al., 1986) and the sagittal plane (Beaupré et al., 1986) and investigated both 
unicondylar and biconylar loading. Results in both studies showed evidence o f stress 
shielding in the proximal bone regions and high stresses near the distal ends o f the tibial 
stem. Similar results were found when using the peg design tibial prosthesis.
Taylor et al., 1998 attempted to examine a link between caneellous bone stresses using FE 
methods and implant migration and long term clinical performance data. The study eompared 
an all-polyethylene press-fit prosthesis, a metal stemmed press-fit prosthesis and a metal 
stemmed cemented prosthesis. Results showed that the all-polyethylene prosthesis produced 
the highest minimum principal cancellous bone stresses which corresponded well with 
clinical data which showed that it had the highest implant migration values and poorest 
clinical performance data. The cemented prosthesis had the lowest cancellous bone stresses, 
lowest implant migration values and best clinical performance data. This study suggests a 
strong link between initial cancellous bone stresses and migration/loosening o f TKR 
prosthesis.
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The effect o f tibial plateau malalignment on caneellous bone stresses on the resected surfaces 
was also investigated in an FE study (Perillo-Marcone at ah, 2000). Seven different PA 
angles were considered (0°, ±2.5°, ±5° and ±10°). The subject o f the ideal CH and PA angles 
following TKR is the subject of much debate. The main aim o f the surgeon in TKR is to re­
establish the physiological alignment o f the implants to the LBA (i.e. CH = PA = 0°). The 
lowest cancellous bone stresses were obtained when the tibial tray was oriented in valgus (a 
positive PA angle). Also investigated in this study was the effect o f 7° posterior slope in the 
anteroposterior direction o f the tibial tray. Many implant designs such as that manufactured 
by DePuy UK include this posterior slope (however, usually o f a lower angle). This angle 
increase also leads to an increase (9%) in the mean cancellous stresses produced. The authors 
recommend that TKR surgeons should allow a few degrees of valgus orientation o f the tibial 
tray to reduce the risk o f failure in TKR.
Miyoshi et al., (2002) analysed the effect on the bone stress distribution o f a PCL sacrificing 
TKR compared with a PCL retaining TKR (i.e. two bearing shapes, with and without a 
posterior concave slot). Results showed little difference in the von Mises stress field values 
between the two model designs. The displacement o f the tibial tray o f the posterior concave 
slot model was found to be less than that o f the model without a slot. Thus it is recommended 
that the manufacture o f tibial trays without a slot be discontinued as PCL sacrificing TKR 
models can use a tibial tray with a concave slot.
In another FE study (Perillo-Marcone et al., 2004) to compare the likelihood o f TKR failure 
o f press-fit, cemented and hydroxyapatite (HA) eoated implants, two parameters known as 
the risk ratio (von Mises stress/ultimate compressive strength) and the percentage volume o f 
failing bone (PVFB -  volume of elements with a risk ratio o f greater than 100%) were 
analysed for a volume o f interest 2 mm below the tibial tray. These results were compared 
with radiostereometric analysis (RSA) carried out soon after the operation and again at time 
periods o f 6 weeks, 3 months and 1 year. RSA is capable o f measuring rotations and 
translations o f the tibial component. Results showed that the patients with a press-fit stem had 
the highest migration values from the RSA results and the highest risk ratio and PVFB values 
compared with the HA coated and cemented models. This study was the first study to 
examine a link between FE data and clinical performance and emphasizes the importance o f 
initial mechanical environment (i.e. initial implant migration) and the success o f implants in 
the longer term.
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Rawlinson et a l , 2005 investigated the effect of a stem extension in conjunction with a CCK 
with cadaveric and FE models. In cases of bone with low bone quality it was found that a 
stem extension is sufficient in order to maintain fixation of the proximal region with bone 
strains beneath the tibial tray reduced by 30-50% when a stem extension is used. However it 
was found that in cases o f bone of sufficient bone quality a stem extension was not necessary 
as the proximal bone did not approach yield values.
In a recent FE TKR study Au et al., 2005 created a tibia bone with orthotropic and 
heterogeneous bone properties. This is the first study to employ such diverse bone properties 
in an FE analysis. Each section of bone (defined by numbers in Figure 2.22) had Young’s 
modulus, shear modulus and Poisson’s ratio values defined in three directions (i.e. anterior- 
posterior, medial-lateral and superior-inferior directions). When comparing this model with 
an isotropic, homogenous model it was shown to have a significant effect on the bone 
stresses. The study investigated cement-bone interface shear stresses and cancellous bone von 
Mises stresses (beneath the stem end) in three different prosthesis designs; a circular post, a 
tapered post and an elliptical post. Tapered stems were shown to decrease shear stresses and 
increase cancellous bone stresses while the elliptical post was shown to increase shear 
stresses and have little effect on cancellous bone stresses. Thus the study showed that the 
shape o f tibial stems can also have a significant effect on clinical outcome.
SUBCHONDRAL CANCELLOUS
COAT 10 AI
Figure 2.22 FE bone model showing bone divisions: four transverse cancellous bone sections, four regions 
of cortical bone and one of subchondral bone (An et al., 2005).
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In a recent study (Completo et ah, 2007) composite tibias (see Figure 2.23) were used along 
with strain gauges at various locations to validate FE models of three TKR procedures 
(standard stem, eemented stem and press-fit stem) and an intact tibia. The insertion of the 
tibial prosthesis was carried out by an experienced orthopaedic surgeon and loading was 
applied through a metallic sphere attached to the medial and lateral condylar surfaces with a 
load cell used to apply the forces. The validation was done through comparison of cortical 
bone strains between the FE models and in-vitro models by a linear regression analysis. 
Results showed slope and values close to 1 and a root-mean-square error within 10% in all 
three TKR designs. Therefore it can be concluded from this study that FE models can reliably 
predict the bone stresses and strains of in-vitro models.
(a)
V
Figure 2.23 (a) In-vitro intact tibia bone and (b) TKR model with strain gauges attached (Completo et al.,
2007).
Complete et a l , (2008) used the validated FE models of the previous study to examine the 
stability of stem extensions in TKR using FE methods. They compared load sharing and 
stability o f cemented and press-fit stem extensions and TKR models without stem extensions. 
Stability was assessed by examining micro-motion along the cement-bone interface o f the flat 
resected surface (see Figure 2.24a). Results showed that the use o f a cemented stem reduces
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the micro-motion by 23% while a press-fit stem reduces the miero-motion by 19% (see 
Figure 2.24b) compared with the standard TKR (i.e. no stem extension). Stability is highest 
(i.e. low micro-motion) at the cortical rims and in the central regions due to the presence of 
the stem. Contact force values (i.e. load sharing) at the bone-cement interface were also taken 
which showed that the use of a cemented stem results in more load been taken by the stem 
(i.e. 24%) compared to when a press-fit stem is used (6%) and the standard model (5%). This 
is most likely due to the more rigid bond of the stem extension, cement and surrounding bone 
when compared to the press-fit stem model. Results also showed that in all cases the cortical 
rim carried the largest amount of axial load with the largest occurring with the press-fit stem 
(67%) compared with the cemented stem (53%) and standard model (66%).
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Figure 2.24 (a) Resected bone surface showing cut-out for stem and medial -lateral line along which 
micro-motion values were taken (i.e. cement-hone interface) and (h) micro-motion values for three TKR
models (Completo et al., 2008).
2.5 Clinical Bone Remodelling
2.5.1 Introduction
Bone remodelling occurs continuously in bone to enable the bone to adapt to changes in its 
environment and to ensure its structure is maintained adequately. The theory was first 
proposed by Julius W olff in the 19* Century in what has now become known as W olffs 
Law. Changes in a bone’s environment include adaptation to a prosthesis or the onset of bone 
diseases such as osteoporosis. Bone remodelling follows a similar sequence in all cases (i.e. 
activation resorption formation) in which microdamaged bone is removed and replaced 
by newer bone. Teams o f cells known as basic multicellular units (BMUs) carry out the
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remodelling sequence. Dimensions o f BMUs can vary from patient to patient but it is 
estimated that cortical BMUs have a length o f approximately 3 mm and a width dimension of 
0.2 mm. Cancellous BMUs are usually more irregular and have largest dimensions of 
approximately 2-3 mm. Bone remodelling can be categorised as internal and external 
remodelling with internal remodelling referring to alterations in the arrangement o f the 
internal material properties and external remodelling referring to alterations in the external 
geometry o f the bone (Robling et al. 1996).
BMUs consist o f osteoclasts, mononuclear cells and osteoblasts. The osteoclasts are 
responsible for the resorption phase where they remove the bone cells and leave a space that 
will decide the cross-sectional size of the forming secondary osteon. Mononuclear cells are 
the main cells responsible for the reversal phase which line the cavity left by the resorption 
phase and deposit a thin, mineral-deficient layer to enable separation of the forming osteon 
from the surrounding interstitial lamellae. The osteoblasts are responsible for the formation 
phase where they deposit layers of osteon along the resorption cavities which later mineralise. 
Once deposition is complete the Haversian canal remains which forms the remainder o f the 
cavity from remodelling. The entire process is often referred to as coupling whereby 
whenever bone is removed it is replaced by newer bone. A negative bone balance can occur 
when a greater amount o f bone is resorbed than is replaced by the BMU which can occur in 
patients with osteoporosis. Bone remodelling is usually distinguished from bone modelling in 
that the quantity o f bone is either increased or decreased during modelling whereas bone 
remodelling refers to the process whereby bone is replaced in regions where it has previously 
been removed (i.e. no overall net increase or decrease in bone) (Robling et al. 1996).
2.5.2 Bone Remodelling Assessment Techniques and Treatments
Various techniques are in use today to assess the bone mass and bone mineral density o f
patients in specific regions which are useful in monitoring the response o f bone to implant 
and for examining the onset o f osteoporosis.
Dual energy x-ray absorptiometry (DEXA) is currently the most broadly used and efficient 
method to measure bone mass and bone mineral density (BMD). This technique uses a dual 
X-ray source to measure bone mass with high accuracy and low expense. DEXA is 
commonly used to assess regional parts o f the skeleton (e.g. a joint) and has strong 
capabilities for predicting fracture risk. One disadvantage of DEXA is that it is not capable o f
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examining the trabecular microarchitecture (Mundy, 1999). In comparison with plain 
radiographs (which are only considered useful for detecting infection, loosening or regions of 
bone loss), DEXA measurements are considered to be seven times greater in accuracy and 
can detect bone losses in regions of less than 8% with precision errors o f 1.3-3.1% 
(Robertson et al., 1994).
Computed Tomography (CT) scans are also used to assess BMD quantities in bone but results 
can be impeded due to subcutaneous tissue and intramedullary fat. Unlike DEXA, CT has the 
ability to examine trabecular microarchitecture (Mundy, 1999).
2.5.3 Clinical Studies
Several clinical studies have investigated bone remodelling prior to and post implantation of 
a prosthetic knee joint. Early studies (Mintzer et al., 1990) using radiographic methods alone 
demonstrated bone loss particularly in the distal anterior femur in 68% o f TKR cases. 
However due to the restrictions o f radiographic methods the study concluded that this figure 
is most likely to be higher. Later studies using DEXA have produced more accurate results.
Karbowski et al. (1999) investigated bone remodelling around TKR in a clinical study o f 12 
people. Each patient underwent DEXA at time periods of 2 weeks (reference value), 3 
months and 9 months. All patients underwent TKR on one knee only while both knees were 
analysed using DEXA so that the true effects o f TKR on bone mineral density could be 
assessed. The results showed a consistent decrease in BMD in excess o f 20% in the distal 
femur (lateral side) and 10% in the proximal tibia (lateral side) while no significant changes 
in bone mineral density were noted in the unoperated knees up to 9 months. On the other 
hand in the anteroposterior direction no significant difference in bone mineral loss was noted 
between the femur and tibia DEXA shots with average bone mineral loss o f 10% after 9 
months.
Spittlehouse et al. (1999) reported results of a short term clinical trial using DEXA to assess 
changes in BMD around an uncemented prosthesis. DEXA scans were made in the 
anteroposterior (see Figure 2.25a) and lateral (see Figure 2.25b) positions. Results showed 
that the area immediately below the femoral component (i.e. anterior distal femur R4) 
displayed greater bone loss than other regions around the femoral component up to 24 weeks 
postoperatively. In the case o f the proximal tibia bone no significant changes were noted in
34
Chapter 2 Literature Review
the time frame. This may have been due to the prosthesis used, which gives a more even load 
distribution due to its use of four short pegs as opposed to other models which use one central 
peg. Although the study attempted to analyse the BMD preoperatively, these attempts had to 
be abandoned due to large difficulties in identification of bone due to knee deformities in the 
patients. For most studies a scan taken up to 2 weeks after TKR operation is considered 
sufficient as a baseline for measuring postoperative BMD at further time points (Kroger et al., 
1996).
Unlike previous studies Petersen et al. (2005) found a significant increase (6.1%) in BMD 
measurements using DEXA in the proximal tibia for a small study of 16 knees. The region of 
interest (ROI) with this increase was located at the resected lateral tibial condyle area. All 
other ROIs located in regions close to the tibial component in this study showed no 
significant changes in BMD between 0 and 24 months after uncemented TKR. The study also 
showed no significant effect of using HA, which usually promotes bony in-growth to coat the 
implants, on the BMD measurements up to 2 years following TKR. Other studies have shown 
results somewhat similar to these findings with BMD levels lowering in the first three months 
but returning to their baseline level 24 months after surgery (Li et al., 2000).
%
Figure 2.25 DEXA scans of a TKR showing ROIs for examination at 24 weeks (Spittlehouse et al., 1999).
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In another study (Saari et al., 2006) using DEXA, BMD values were measured for PCL 
retained and PCL resected TKR with two shapes of tibial insert (flat and concave) for three 
regions o f interest (ROI) close to the tibial component. BMD was measured for time intervals 
of 1 week, lyear, 2years and 5 years post-implantation. The results o f this clinical trial 
pointed to more bone loss due to stress shielding in the region beneath the tibial tray on the 
lateral side (between 18-26% 5 years postoperatively) than other regions examined. No 
significant differences were recorded between the different groups of data examined (i.e. PCL 
retained vs. PCL resected and flat vs. concave insert). Other findings of this work include that 
loss o f BMD due to stress-shielding occurs in patients with TKR up to at least five years 
postoperatively with the majority o f this occurring in the first year.
2.6 Mathematical Models of Bone Remodelling
2.6.1 Bone Remodelling Theories
There are two main rules which have been used to quantify bone adaptation.
2.6.1.1 The Dynamic Stimulus
The higher the frequency of mechanical loading on bone and the higher the strain magnitude, 
the greater the amount of bone formation (i.e. osteogenesis). In the general case the strain 
stimulus (5) can be calculated for lower loading frequencies using the Fourier method for a 
series o f « sine waves at different amplitudes and frequencies as
S  =  K Y ^ e J ,  2.3
/=1
where ki is a proportionality constant, e is the peak-to-peak strain magnitude and /  is the 
loading frequency in cycles per second (Hz). This mathematical prediction however is only 
accurate for low loading frequencies on bone (Warden et al. 2004).
2.6.1.2 Dimiuishiug Results/Boue Cellular Accommodatiou
Increasing the number o f loading cycles per day on bone does not yield proportional
increases in bone mass. It is believed that bone cells become desensitized and their response
appears to decrease (see Figure 2.26) as loading duration increases (Burr et al. 2002). The 
amount of bone formation (BFR) can be estimated according to the equation:
B F R = k , \ o ^ N  +  l) 2.4
where k: is a proportionality constant and N  is the number of loads in a particular session.
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Figure 2.26 Initial application of mechanical loading was shown to rapidly increase hone mass in rat tihia
and turkey ulna hones (Burr et al. 2002).
Experimental evidenee has shown that periods of rest between loading cyeles (see Figure 
2.27) ean increase the relative bone formation rate (rBFR) up to 100% (Carter et al. 1987).
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Figure 2.27 Relative Bone formation rate (rBFR) of rat tibia after loading at a particular rate and 
varying the rest period between loading (Burr et al. 2002).
The amount of bone formation recovery ean be estimated according to the equation:
TtPT? 2.5
where t is the time between sessions and r is a time constant which has an approximate value 
of 6 hours. Experimental evidence has shown that with 24 hours of rest time between sessions
37
Chapter 2 Literature Review
-98%  of bone meehanosensitivity ean be recovered. Equations 2.3 and 2.4 ean be combined 
to derive a formula for the daily loading stimulus (S):
k
S  c c '^ lo ^ l  +  N j)E j  2.6
./=i
where k  is the number of daily loading conditions.
The principal o f cellular accommodation arises from the notion that altering the mechanical 
loading o f bone will result in a temporary response which will diminish as the bone cells
accommodate this new load. The change in mechanical loading/stimulus is known to result in
a reorganisation o f the bone cells’ cytoskeleton which enables this accommodation to the 
cells’ new strain environment. This theory postulates that bone has a minimum effective 
strain (MES) threshold which differs depending on the type o f bone and the location within 
the bone. Thus bones which are subjected to high impact activities (i.e. have a high 
stimulus/MES threshold) on a regular basis undergo little or no changes in bone mineral 
content (BMC) when subjected to moderate impact activities. It is thought that the bone cells 
lose their cellular meehanosensitivity as the stimulus threshold is increased which can be 
reversed if  loading is ceased for a period of time. Thus bone formation (or resorption) is 
thought to be proportional to the differenee between the new strain stimulus and the old value 
prior to the new loading. It has been shown in experimental research that the initial loading 
stimulus has the greatest effect on formation o f bone compared with the long-term 
accumulation of loading. The general model for bone adaptation is:
^  = 2.7
ot
where p  is density in g/cc, t is time in weeks, 5  is a rate constant (g/cc-week), ^ is the strain 
stimulus function and <f>o is the equilibrium strain stimulus. This equation can be expanded to 
ineorporate cellular accommodation:
^  = B (p )(^-F («6 ,0 ) 2,8
and Ê ((Z),f) = (Z)o +((^-(z)o)(l-e" ) 2.9
where r  is a time constant which describes the rate at which cellular accommodation is taking 
place. As F  approaches (j) with time, cellular accommodation results and density change also 
reduces (Schriefer et al. 2005).
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Previous mathematieal models to simulate bone remodelling can be divided into two main 
approaches. The first considers the biological role of the BMU and the time scales of the 
remodelling stages in the remodelling proeess while others adopt a more mechanical 
approach. Details o f the main models commonly referred to and adapted to bone remodelling 
studies are detailed below. Other models have been developed which have produced 
inaccurate results or have never been validated by bone models. These models have been 
omitted for reasons of clarity.
2.6.2 BMU-Based Mathematical Models
2.6.2.1 Hazelwood et al. Approach
This 2D model proposed by Hazelwood et al. (2001) takes a closer look at the role o f  the 
BMU in remodelling including the effect o f the geometry o f the BMU and the time periods 
(i.e. resorption, reversal and formation) o f the cells o f the BMU. Other concepts not explored 
in earlier models also inelude the coupling of the formation and resorption stages and the rate 
o f activation o f the BMUs. Porosity can be determined according to the equation:
p  =  \ - p l p ^  2.10
where pt is the apparent density o f the bone tissue only (i.e. not including the porous areas). 
An empirical relationship between the elastie modulus (E) and the porosity {p) is derived by 
assuming a linear relationship between apparent density {p) and p  such that:
E  = (8 .83x l(f)p^  -(2 .2 9 x l(f)p ^ M 3 .9 9 x l(f )p ' -(2 .6 4 x l(f)p ^ + (9 .0 8 x l(f)p ‘- 
(1 .6 8 x l(f )p 4 (2 .S 7 x l( f )  2.11
where the eoefficient values are in units of MPa. This equation is derived from the fitting o f a 
polynomial from experimental data (see Figure 2.28). This approximation however is flawed 
for higher porosities as it demonstrates that the modulus value should increase as porosity 
increases (i.e. a deviation from the accepted faet that bone with higher porosity has a lower 
modulus value) and does not have a null value for /? = 1 (i.e. zero mass bone) as would also 
be expected.
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Figure 2.28 Polynomial interpolation of experimental data showing the relationship between the elastic
modulus (E) and the porosity (p).
Microcracks begin to form at certain physiological strain levels and strain rates, under 
loading, and will increase as loading increases. If microcracks increase or coalesce loss of 
strength and stiffness results in impending failure. BMU-based remodelling can repair fatigue 
damage through the removal of damaged bone by osteoclasts and replacement of new bone 
by osteoblasts. Remodelling of bone results in an increase in porosity which has been shown 
to reduce the strength and stiffness of bone which later leads to more remodelling. The 
observed initial activation frequency at equilibrium {faii) is a sigmoidal function (see Figure 
2.29) which defines a relationship between damage {D) and the BMU activation frequency 
{fa) (i.e. the rate at which BMUs are formed and pass through a particular cross section) 
according to the equation:
f a o f a  (wax)
f a (da magi) 2.12
/»o +  (/.(n™> -  /.o  ) exp ( o  -  ) /  D„ ]
where fa(max) is the maximum allowable activation frequency, Ur is a coefficient that 
determines the slope of the curve and Do is the initial quantity o f damage present when the 
system is in equilibrium. Thus when the quantity of damage is increased fa(damage) increases 
and thus more remodelling occurs. For disuse a similar equation can be derived:
f /(max)
where (j) is the mechanical stimulus for (j)<(j)o when the bone is in disuse.
2.13
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Figure 2.29 Sigmoidal functions showing the relationships between (a) fa (d isu se) and ^ and (b) fa (d a m a g e) and
D .
Damage o f bone is described as the total crack length per square millimetre. The change in 
the rate o f damage can be calculated according to the equation:
D  = D p - D p
The damage formation rate ( ) is derived from the equation:
Dp = Rpi =kjj(f)
2.14
2.15
1=1
where ko is the damage rate coefficient, Rl is the loading rate and is the strain range raised 
to a power. The damage removal rate ( ) is derived from the equation:
2.16
where D  is the quantity o f damage (i.e. total crack length per section area o f bone), fa  is the 
BMU activation frequency, is the area o f bone eradicated by a remodelling BMU and Fs is 
the damage repair specificity factor. The BMU activation frequency (/â) is determined by 
taking into account the disuse and the existing damage to the bone according to the equation:
f a  ^ f a(disusê) f a{ damag A 2.1V
where Sa is the specific surface area (internal surface area per reference volume) which is 
approximated from the work o f Martin (1984) according to the equation:
5:4 =  +  0.7 2.18
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Figure 2.30 Polynomial interpolation o f experimental data showing the relationship between the specific 
surface area ( S ^ )  and the porosity ( p )  (Martin, 1984).
The above expression and graph (see Figure 2.30) predicts a positive amount o f bone surface 
for a porosity o f 1 and thus its use has some limitations. To determine the rate o f change of 
porosity the following equation is used:
2.19
R
where N r  is the number of resorbing BMUs/area (i.e. density o f resorbing BMUs), N p  is the 
number o f forming BMUs/area (i.e. density of forming BMUs), T r  and 7> are the resorption 
and refilling periods measured in days respectively. In this model A (the cross-sectional area 
resorbed o f a BMU) was assumed to be identical for both cortical and trabecular bone. The 
quantities N r  and A/p were found through integration o f the BMU activation frequency history 
over the appropriate time interval. Hence:
2.20
and:
t-Tn
1-(.Tr+T/)
N , = IfAOdt' 2.21
<-(r«+r;+7>)
where 7} is the reversal period (between resorption and refilling) and t is the present time 
(Hazelwood et al. 2001). Periosteal bone apposition (i.e. bone formation on a periosteal 
surface which increases the bone cross-sectional area) can result from damage to the bone. 
When bone is modelled with periosteal apposition at high loading levels it has been shown 
that variables such as p , fa  and s  increase at a transient rate and return to their original levels
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at a fast pace due to structural changes as a result o f periosteal apposition. However there is a 
loading threshold above which fractures develop rapidly as variables increase without limit 
illustrating how unstable periosteal apposition can be (Hazelwood et al. 2001). Constant 
values were assigned to the model parameters which were obtained through experimental 
research and are listed in Table 2.1.
Model Param eter Nominal Value
A BMU cross-sectional area 2.84 X  10'^ m m ^
T r Resorption Period 24 days
T i Reversal Period 8 days
T f Formation Period 64 days
ko Damage Rate Coefficient 1.85 X  10  ̂nun/mm^
q Damage Rate Exponent 4
R l Loading Rate 3000 cpd
F s Damage Removal Specificity Factor 5
Do Initial Damage 0.0366 mm/mm^
faO Initial Activation Frequency 0.0067 BMUs/mm^/day
<!>0 Initial Mechanical Stimulus 1.185 X 10 '" cpd
fa(m ax) Maximum Activation Frequency 0.5 BMUs/mm^/day
kb Activation Frequency Response 
Coefficient
6.5 X  lO'" cpd '
k c Activation Frequency Response 
Coefficient
9 .4 x 1 0 '"  cpd
k r Activation Frequency Response 
Coefficient
-1.6
2.6.2.2 H ernandez A pproach
This 3D model proposed by Hernandez (2001) focuses on the process o f mineralization in 
bone remodelling and on alterations in the bone mineral density. The algorithm is based on 
the origination frequency (for) parameter which can be defined as the quantity of BMUs 
which form on the internal surface of a particular reference volume in a time interval. The 
origination frequency is related to the activation frequency by the equation:
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f o r =  . ^  2 . 2 2
where dsMu is the BMU-width, vbmu is the BMU velocity (also known as the BMU 
progression rate) and ô is the BMU-lifespan. The change in BMU-density (/Vg^^)is 
estimated from the equation:
^ B M U  ~  f o r ^ V  2 . X i
The modulus value in this model is based on the degree o f mineralisation o f the bone and is 
based on experimental data where the bone volume fraction (Lg/ fV where Vb is the volume 
of bone tissue and Vt is the total volume included void parts such as porosity) and ash 
fraction (ŷ -a measure o f the degree o f mineralisation) vary with the modulus value:
E  = 84.37 2.24
Figure 2.31 depicts the replacement of a trabecular bone section by a BMU (cortical bone 
replacement is believed to follow the same tunnel formation sequence) for damage removal. 
At  ̂ = 0 the BMU appears at the site and the process of resorption commences. The 
osteoclasts resorb the damaged bone in teams in sequence as depicted in the model where the 
different teams move at a progression rate ( v b m u )  and hence there is a distance between the 
different teams. Thus the resorbing units form a trench-like feature in the bone section. Once 
the time period T r  has passed and the resorbing part o f the BMU has left the initial point the 
reversal period commences. Following this the formation units appear at the initial point and 
begin to place new osteoid. This process continues through the bone section until a time t =  ô 
is reached. At this stage the first resorption unit which was formed at the initial stage 
disappears while the other units continue until they also disappear as the bone is fully 
replaced.
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Figure 2.31 The lifespan of a BMU demonstrating remodelling equilibrium whereby resorbed bone is 
replaced exactly with newly formed bone (Hernandez, 2001).
The change in tissue volume density (or change in bone volume fraction) can be evaluated 
using the equation:
^ ( 0
'  T  t - 5
where c refers to either cancellous or cortical bone and N b m u  is the BMU density. 
Proposed values for the above parameters are detailed in Table 2.2.
2.25
Model Param eter Nominal Value
f o r Origination Frequency 0.0039 BMUs/mm^/day
Ô BMU lifespan 100 days
2.6.3 Damage Adaptive Mathematical Models
2.6.3.1 The Stanford Model
Doblaré et al. (2001) used a fabric tensor value along with the apparent density value to 
propose a remodelling tensor for the state of the homogenised bone microstructure. The 
mathematical model employed was capable of predicting the fabric tensor and apparent 
density distributions in the proximal femur after a THR procedure. Contrary to other studies 
that define damage in terms o f microcracking, this study defines it as the degree o f bone
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tissue porosity. Hence deviations from the ideal null porosity state due to resorption and 
formation are classified as damage and repair respectively. Thus the aim o f this and other 
similar models is to predict the change in bone structure from this ideal situation as the bone 
undergoes loading in daily activities and implantation o f prosthesis. The mechanical stimulus 
for remodelling used in this model is the parameter y/t (the daily tissue stress at the continuum 
level) which incorporates several load cases:
f  r. V
¥, = E
1=1
1/m El
P )
2.26
where N  is the number o f different load cases, », is the mean quantity o f load cycles per time 
step o f each o f these load cases, m is a parameter whose value lies in the range from 3-8,
<Ji defines the effective stress at the tissue level and p t  is the apparent density o f an ideal bone 
with null porosity (-2 1 0 0  kg/m^) and thus maximum density. In this model a simplification 
or assumption is applied in determining in that loads applied do not need to be applied in 
any specific order or can be coupled together (i.e. the order o f load application has a null 
effect on the adaptive response of the bone. This equation is a deviation from an earlier 
version proposed by Carter (1987^^). With this external stimulus, the apparent density 
evolution can be expressed (assuming all resorbed/formed bone is completely mineralised) 
according to the equation:
= 2.27
where f is  the surface remodelling rate, k  is the ratio between the remodelling surface 
available and the total internal surface (Jacobs et al. (1997) assumed that the total internal 
surface is active and thus k ^  V) and Sa is the specific surface area (as defined by Equation 
2.18). The value o f f  is approximated according to the relationship:
c((T, -  ̂ ;  ) + w
f  = < 0 for - w <  (W-W*) <  + w  2.28
- c ( ( T , (F -F t)  >+-w
where c a constant, w  is the value o f half the width of the dead zone (i.e. region where no 
remodelling takes place around the equilibrium stimulus). Assuming isotropy and null 
damage the modulus (E) and Poisson’s ratio (v) can be approximated according to the 
equations:
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E  =
[ \1 6 3 p
2.5
3.2
v (p )  =
0.2
0.32
if
if
p  < \ .2 g / c n f  
p  > \ . 2 g l c n f
p  < \ .2 g l c n f  
p  > \ . 2 g l c n f
2.29
2.30
Upper and lower limits must be placed on the density o f the bone to keep in line with 
biological predictions. A lower limit, pmin is used to prevent the possibility o f complete 
resorption o f bone and an upper limit, pmax is used to prevent negative porosity (i.e. p  >  p^. 
Values for the above parameters are detailed in Table 2.3.
Model Parameter (Stanford Model) Nominal Value
y ; Reference Stimulus 50 MPa
m Weighting Exponent 4
n Cycles per day 10,000
c Remodelling velocity 0.02
w Half-width o f dead zone 0.125 X
Po Initial density 0.5 g/cm^
P t Tissue density 2 g/cm^
Pmin Minimal density 0.05 Pt
Pmax Maximal density 0.95 Pt
A t Time step size 1 day
2.6.3.2 Prendergast/Taylor Model
Prendergast and Taylor (1994) developed the algorithm previously proposed by Carter and 
Hayes (1977) that micro-damage in bone results in a bone remodelling adaptation response. 
The model proposed a damage parameter co, the value o f which varied between 0 
(undamaged bone) and 1 (fractured bone). When the region o f interest is in a state of 
remodelling equilibrium a certain quantity of damage exists and is assigned the value (ore 
while the stress range for which the region remains in this state is Aore. The repair rate in this 
state of equilibrium is given the value {dco/dN)RE where N is the number o f cycles. Thus if  the 
cyclic stress value (Aa) is of a value which is higher or lower than its equilibrium value 
(A(7re) than the damage rate (dco/dN) will increase or decrease respectively. Thus the
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difference which arises between this damage rate {dco/dN) and the repair rate {dco/dN )R E  
results in the remodelling stimulus (or remodelling error) according to the equation:
t
stimulus =  J ')dt 2.31
—oo
where é i s  constant throughout the bone. Nfa is the number o f cycles to failure at a given 
stress while each site of the bone has a different value o f NfaRE. A degree o f nonlinearity (y) 
exists to calculate the damage rate (McNamara et al., 1997) according to the equation:
dco
'dN
1 2.32
Nfa can be calculated according to the equation:
where H  and A  are material constants, (Jmean is the average stress value o f intact bone of 
average material strength which is in a state of remodelling equilibrium, Oa is the altered 
maximum principal stress value from the stress at remodelling equilibrium {are).
2.6.4 Stress/Strain Adaptive Mathematical Models
2.6.4.1 Turner et al. Approach
Turner et al. (1997) compared two approaches to analyse bone remodelling in the proximal 
femur pre-implantation. The methods involved comparing two different stimuli for 
remodelling (i.e. a uniform strain criterion and strain energy density (SED) criterion) to 
analyse which gives a more realistic outcome. The algorithm for uniform strain is based on 
the deviation of the average principal strain from its target strain value (i.e. 3500 pstrain or 
the error function) according to the equation:
f - '
^ k i l+ h l  ^-— ---------- 3500justram 2.34
where E  is the Young’s modulus, sj and C2 are the maximum and minimum principal strains 
respectively and B j is a remodelling constant which determines the rate o f remodelling which 
was given a value o f 200 in this study. The use of the average principal strain is believed to 
predict results which are similar to that o f anisotropic elastic properties of bone and takes into 
account both tensile and compressive strains unlike other models which take into account one 
principal strain only (e.g. Prendergast/Taylor model in Section 2.6.3.2). The apparent density 
value was computed at the end o f each iteration according to the equations:
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for £  < 13,778 MPa, E  =  5546p‘'̂  ̂ 2.35
for E  >  13,778 MPa, E  =  8 7 / "
With the SED criterion the apparent density is updated at the end o f each iteration by the 
equation:
K P  J
2.36
where U  is the SED (cre/2), while B2 (1.0 g^cm'^MPa") and j  (0.004 M Pa/g''cm ’̂ ) are 
constants. Maximum and minimum values o f p (1.74 and 0.01 gcm'^) were implemented due 
to the output o f very high/very low apparent densities.
2.6.4.2 Huiskes et al. A pproach
Using U  as the stimulus/local remodelling signal Huiskes et al. (1989) derived an algorithm 
for bone remodelling in terms o f the change in modulus with respect to time according to the 
equation:
-  =  A { E -Q U ^ )  2.37
d t
where A and Q  are constants. This theory of bone as a self-optimising material was initially 
derived by Carter et al. (1987) and involves predicting the adaptation o f the local apparent 
density {p) to the local SED value until the ratio {U!p) converges to a constant value. The 
upper and lower limits o f the elastic modulus were set to 0.01 MPa (total resorption) and 
20.00 MPa (cortical bone) respectively. ^
2.7 Use of Algorithms in FE Modelling
The 2D proximal femur is commonly used as a FE model to validate algorithms for bone 
remodelling. Most algorithms appear to demonstrate accurate representations o f bone for both 
pre- and post-implantation THR models. However algorithms tend to have high difficulty in 
maintaining convergence usually after approximately 300 days when the rate o f remodelling 
has been shown to converge clinically in THR. Most published research only examine the 
results o f their models for the initial period (usually no more than 400 days) and are thus not 
useful for more long-term studies.
2.7.1 BMU-Based Remodelling Theories
The Hazelwood et al. algorithm was applied to a 2D model o f the tibial bone (Nyman et al., 
2004) to monitor the remodelling response with a tibial prosthesis before implantation and at 
2000 days post-implantation (see Figure 2.32). The algorithm was incorporated into the FE
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analysis using a user-defined material (UMAT) behaviour subroutine using ABAQUS 5.8. 
Four different TKR methods were simulated (i.e. cemented, press-fit and the use of 
interlocking screws with and without a porous coating) and three loading simulations were 
used (i.e. joint reaction force uniformly distributed and 70:30 and 30:70 medial: lateral ratio 
loadings on the tibial condyles with loading frequencies of 3000, 500 and 500 cycles per time 
increment (i.e. 1 day) respectively. Bone loss was indicated by a decrease in the bone area 
fraction (BAF) which is defined as the rate of change in the quantity of bone per unit area. 
Typical bone remodelling was observed between the tibial tray and stem tip (i.e. bone loss 
due to stress shielding). The model also demonstrated high amounts of bone loss soon after 
TKR with decreases in this bone loss after 6 months. These results compared favourably with 
clinical results which show tibial bone loss stabilising after 1 year and also thinning o f the 
cortices close to the stem (Petersen et al. 1995). Results also showed overall the greatest 
amount of bone loss with the use o f a press-fit stem with the cemented stem producing the 
least amount. The use of interlocking screws was shown to result in only marginal differences 
in bone loss compared with that of cemented stems and thus may be a viable alternative to 
both cemented and press-fit stems.
(a) (b)
Figure 2.32 BAF of the tibia bone in (a) steady state and (b) 2000 days after implantation of a press-fit
stem prosthesis (Nyman et al. 2004).
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This algorithm was also applied to an FE model of the proximal femur (see Figure 2.33) 
where the principal strain was used to define ^ (the mechanical stimulus) according to 
Equation 2.15 and the initial density value (po) was set to 2 g/cm^. However it should be 
noted that the apparent density distribution does not correlate to clinical observations. Results 
of the simulation (upper half) showed the formation of a cortical cylinder after 100 days but 
which depleted after this time to be non-existent after 500 days (i.e. not representative of a 
human proximal femur). Also the model does not demonstrate a reasonable distribution of 
cancellous bone in the epi- and metaphysis regions. The second half of the model depicts the 
damage distribution in the proximal femur and indicates which regions are more likely to 
become damaged with the onset of time (Rüberg, 2003). However due to the inaccuracies of 
the density distribution it is unlikely that the damage model is sufficient (Rüberg, 2003). The 
model also failed to take into consideration formation of bone tissue as a result o f areas of 
increased loading.
E + 2 . D O O o + a o  +1.B33^+0a +n. 6G3e+00 
f  l . S Ü Ü e - t O O  
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+6.6670-01
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- +3.333.9-01- +1.6670-01 
10. OODo 4 00
- 5 . 533e+01
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Figure 2.33 Upper half shows apparent density distributions after 100 and 500 days and bottom half 
shows damage state (measured in cm cracklength per cm^ tissue surface area) at the same time periods
respectively (Rüberg, 2003).
2.7.2 Damage Adaptive Theories
2.7.2.1 The S tanford Model
The Stanford isotropic model was examined by applying it to a 2D model of a proximal 
femur (Rüberg, 2003) and results for time periods of 100, 300, 500, 1000, 3000 and 4000 
days were analysed (see Figure 2.34). Although initial results (up to the first 300 days) seem
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favourable, the model becomes unrealistic and unstable and results for density change were 
shown not to converge up to 4000 days. However this model is still a valuable souree for 
analysing bone remodelling using FE methods as it does produce some reasonable results for 
the first 300 days of simulation.
Ô*
1—4 :..a nr*
..O 30
Figure 2.34 Density distribution of the proximal femur using the Stanford isotropic model for (from top 
left) 100, 300,500,1000, 2000,3000 and 4000 day periods (Rüberg, 2003).
Using a 2D FE model of a femoral head with three simultaneous load cases the distribution of 
densities (see Figure 2.35a) and direetional behaviour were determined for an anisotropic 
damage-repair model and eompared with actual experimental values. Results were also 
compared with those of other models such as the Stanford isotropic model. The values 
established by the mathematical model were implemented as a “user material” subroutine in 
the commercial code ABAQUS. With analysis of the surface stress distribution (i.e. elastic 
modulus along each direction) it was observed that the anisotropy of the eortical layers o f the 
femur bone (see Figure 2.35b) were much closer to actual experimental values than previous 
models. The density distribution in the proximal femur was also shown to be very close to 
reality when compared with radiographic results. This was then repeated for analysis o f a 3D 
model whieh showed similar results to that obtained from the 2D model (Doblaré, 2002).
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In another study the authors applied the above bone remodelling theory to the assessment of 
the proximal femur after a THR procedure (Doblaré, 2001). Results showed that the degree of 
anisotropy decreased with time (estimated to change from 1.5 in the healthy femur to 1.1 
after 300 days post-implantation) after implantation of the prosthesis (see Figure 2.36) due to 
alterations in the loading and also illustrated bone resorption around the prosthesis in the 
proximal region (i.e. stress shielding). The model also demonstrated the point effect in the 
distal bone whereby the cortical layer is enlarged slightly close to the base of the prosthesis (a 
common occurrence in bone after prosthesis implantation).
a
(hi
Figure 2.35 (a) Density distribution of the proximal femur and (b) its stress surfaces distribution after 300
days (Doblaré, 2001).
m m
a::)
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Figure 2.36 Anisotropy distributions (a) before and (b) 300 days postoperatively (Doblaré, 2001).
1.1.1.1 Prendergast/Taylor Model
The Prendergast/Taylor algorithm described in Section 2.6.3.2 was applied to a short-term 
study of the proximal femur with a cementless prosthesis (McNamara et al., 1997). The study
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compares models with different properties (i.e. site specific vs. site independent, linear vs. 
nonlinear damage accumulation and SED vs. damage stimuli) to determine efficiency. In all 
models resorption occurred primarily in the proximal section of the bone. Figure 2.37 shows 
a plot o f the damage stimulus moving distally in a THR model for the medial and lateral 
cortices for a non-linear damage model (i.e. y = 0.4). The use of this exponent was shown to 
give results which most closely resembled clinical data. Figure 2.38 compares the site- 
speeifie vs. non-site specific damage accumulation laws for the medial and lateral cortices. 
Results show that the non-site specific model most closely resembles clinical data in the 
proximal femur as it would be expected that the maximum amount of resorption would occur 
in the most proximal regions.
01.5 1.0  - 0.52.0
ü )-ü > k k (x  10  ) / c y c i e  
M e d ia l
üj- cûreI.k 1 0 ‘* ) /c y c le
L ate ra l
Figure 2.37 Use of the non-linear damage accumulation law in THR in the medial and lateral cortices.
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Figure 2.38 Comparison of the site specific and non-site specific profiles for the linear damage
accumulation law.
2.7.3 Stress/Strain Adaptive Theories
2.7.3.1 T u rn er et al. Approach
The Turner et al. algorithm described in Section 2.6.4.1 was applied to a 2D model of the 
proximal femur under normal conditions (see Figure 2.39). Three models of varying initial 
density distributions were simulated for each of the two criteria with comparisons made with 
clinical data. The error function was averaged over all elements to check the convergence of 
the results and the models were run for 20 iterations. For the SED algorithm model upper and 
lower density values for p  were incorporated to prevent the p  value becoming too high or too 
low. Thus only certain elements in the model achieved convergence after 20 iterations.
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Figure 2.39 Loads and boundary conditions applied to 2D proximal femur (Turner et al., 1997).
The uniform strain model showed no variance due to initial apparent density distributions 
(i.e. a unique solution). The uniform strain model showed convergent results after 20 
iterations (i.e. error reduced to 1.6-3.6% of target strain) while this was not the case with the 
SED model (see Figure 2.40) despite altering the value of B]. However limitations associated 
with this model which may have caused inaccuracies included the exclusion o f the cortical 
region.
H
(a) (b)
Figure 2.40 Apparent density distributions (in gem ) after 20 iterations for (a) tbe uniform strain model 
and (b) tbe SED model. Botb models bad an initial uniform apparent density.
2 .1 3 .2  Huiskes et al. Approach
The Huiskes et al. (1989) algorithm described in Section 2.6.4.2 was applied to a 2D 
proximal femur model with an initial uniform apparent density of 1.28 g/cm^. The model was
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initially run for 47 iterations o f the load to develop a density distribution similar to that of 
natural bone (i.e. medullar cavity and Ward’s triangle). This density profile was then used to 
examine stress shielding in the Osteonics THR prosthesis. Upper and lower limits were 
placed on the elastic modulus values of 0.01 MPa and 20.0 MPa (i.e. completely resorbed and 
cortical bone respectively). The results showed that after 18 iterations homeostasis is 
achieved (i.e. bone has completely resorbed, become cortical bone or the objective (i.e. Ulp = 
constant) has been reached). However the results o f the model showed severe bone loss in the 
proximal region with severe reductions in the modulus values o f the elements in these 
regions. Thus it is clear from the model that convergence of the results is not achieved as it 
was necessary to employ the upper and lower limit modulus values. Also it is unclear if  the 
areas which had achieved the objective would remain so for further iterations or if  these 
regions would also become resorbed/cortical bone after further iterations.
Kemer et al. (1999) applied the Huiskes et al. algorithm to a 3D model of the TKR proximal 
femur. The time period was again low (up to 13 time increments) and results were validated 
with bone density measurements taken from explanted femur bones from the same patients 
whose DEXA measurements (i.e. geometries and density measurements) were used to 
construct the FE models. The models were shown to over predict bone loss in regions where 
some bone loss would be expected (i.e. complete bone loss in the proximal lateral femur-see 
Figure 2.41). The models also showed high densification at the regions o f the muscle 
abductor attachments, a finding which was confirmed by the explanted models. However this 
densification was overestimated in the FE models.
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Figure 2.41 Simulated radiograph models at time increments (0, 5, 9 and 13) showing the evolution of
bone adaptation (Kerner et al., 1999).
2.8 Conclusion
Extensive research has being undertaken to predict remodelling trends using FE models 
coupled with bone remodelling algorithms. The majority of this research has focused on the 
femur bone (both 2D and 3D) while little attention has been given to tibia bone remodelling 
response in both 2D and 3D cases. The use of the average principal strain as the stimulus for 
remodelling has been shown to predict more convergent results compared with other studies 
examined and thus will be the remodelling approach undertaken in this research.
Although the clinical success of tibial augmented features (e.g. wedge, block and conical) has 
been well documented analysis o f initial stability and remodelling trends from TKR using FE 
methods are yet to be investigated. Also the effect of stem lengths in cases o f defected bone 
and whether the inclusion of such increased stem lengths in conjunction with augmented 
features is over conservative have yet to be determined. Information that cannot be obtained 
clinically such as areas o f bone prone to resorption and regions of stress concentration can be 
determined using FE methods and thus can aid the surgeon to decide on best courses of action 
in dealing with defected bone during TKR.
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Chapter 3
Two-Dimensional TKR Tibial Models -  Initial
Stability Analysis
3.1 Introduction
In order to establish the initial stability o f peripheral AORI type-2 defect treatments, FE 
modelling can be used to determine if  different augmentation procedures have a significant 
effect on von Mises stress patterns in the proximal tibia and the development of stress 
concentrations and high shear stresses along the margin o f the defect (i.e. the cement-bone 
interface) which can predict the likelihood of failure. The von Mises stress was chosen for 
analysis as this stress value is an equivalent stress value which takes into account stresses 
acting in all three directions at any point in the material and is a good indicator if  failure will 
occur. The use o f augments may eliminate the need to use stem extensions thus reducing 
complications should further revision be necessary. The following chapter first details the 
creation o f intact tibia and TKR non-defect models to determine the suitability o f geometries 
and boundary conditions applied. The non-defect model was then modified to incorporate 
various defect treatments of type-2A defect angles o f 15° and 30°. Defects were treated with 
wedge (metal and cement) and block (metal and cement) augments and results compared. 
Models were also expanded to include the use o f 30 mm stem extensions and their effect on 
stress profiles.
3.2 Intact Tibia and TKR implantation models
Two-dimensional, static, FE models were created o f the proximal intact tibia and a TKR 
cemented prosthesis with a 30 mm stem (see Figure 3.1) in the frontal plane. It is important to 
verify if  the stress analysis and subsequent bone remodelling study (detailed in chapter 4) 
produce an accurate representation o f a regular tibia before examining a TKR model and thus 
is detailed in this section. Plane strain FE analysis was performed using ABAQUS 6.9 
software (Simulia, Warrington, UK). Eight-noded quadratic reduced integration quadrilateral 
plane strain finite elements were used for all sections in all 2D models. The intact tibia model 
consisted o f 4686 cancellous bone elements and 207 cortical bone elements. The TKR model 
consisted o f 327 polyethylene elements (tibial insert), 731 T14A16V elements (tibial tray and
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stem), 124 PMMA elements (cement), 184 cortical bone elements and 3492 cancellous bone 
elements. Elements were assigned a thickness o f 27 mm for out-of-plane stiffness 
contribution to the model. This value was chosen as an average thickness value o f the bone 
and prosthesis elements. A 1 mm thick bone cement layer was used to affix all components. 
The cortical bone layer was modelled as a 2 mm thick layer on the medial and lateral sides of 
the bone. Table 3.1 shows the material properties used in all models. No relative motion was 
permitted between the various interfaces in the model. All components were assumed to be 
isotropic, homogeneous and linearly elastic. The distal end of the tibia was constrained in all 
directions. A mesh convergence study was undertaken to ensure a sufficient number of 
elements were used in the models. Mesh densities were increased in all components until 
stress values were unchanged to four decimal places. A joint reaction force o f 2058 N 
(equivalent force o f three times body weight o f a 70 kg person) was applied with an even 
distribution to both tibial condyles (i.e. to bearing condyles in TKR model and tibial condyles 
in non-TKR model) while equivalent geometries of the tibial condyles were assumed.
Material E (GPa) V
Cancellous 0.7 0.3
Cortical 17 0.3
PMMA (Cement) 227 0.46
T14A16V (Standard and press-fit stems) 110 0.3
UHMWPE (Bearing) 2.3 0.25
Maximum initial displacements were found on the medial tibial condyles o f both models. 
Maximum displacements were 0.1699 mm, 0.1085 mm and 0.085 mm in the intact tibia (see 
Figure 3.2), TKR (see Figure 3.3a) and TKR with stem extension (see Figure 3.3b) models 
respectively. These displacements are reasonable considering the loads applied as they 
compare well with previous 3D TKR modelling work (Miyoshi et al., 2002). Displacements 
decreased to zero moving distally where the nodes are constrained in all directions at the 
base. Overall stress patterns were approximately symmetrical and were lower in the proximal 
regions o f the TKR model. In the intact tibia model stresses were high immediately below the 
region o f load application on both condyles. Slight variations in stress values may be due to 
differences in mesh density in certain regions as a global mesh density was applied to the
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model. Examination of the cancellous bone in the TKR model showed stress-shielding in the 
proximal region due to the presence of the stem which has a higher modulus value. Maximum 
stress values were observed at the stem-cement junction (not shown) on the lateral side 
indicating a region of possible loosening or migration of the prosthesis. High stress values 
were found in the cortical bone in all three models. Additionally high stresses were found in 
the cancellous bone immediately distal of the tibial stem indicating a region of possible 
loosening. The stem extension TKR model showed that stresses were offloaded from the 
proximal regions to the distal regions with high stresses immediately distal o f the stem 
extension (see Figure 3.3). These stress patterns are similar to that of the BAF distributions 
shown in Figure 2.32 and correlate well with bone density distributions.
Tibial
insert
Tibia!
tray
C em en t
Tibial
stem Bone
Lateral side Medial side
L .
Figure 3.1 Components of the TKR model (post implantation) and loading forces applied.
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Figure 3.2 2D models showing initial stress patterns in cancellous bone of the intact tibia models.
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Figure 3.3 2D models showing initial stress patterns in cancellous bone of the (a) TKR and (b) TKR with
stem extension models.
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3.3 Augmented Models
3.3.1 TKR model with wedge augment
The post-implantation model described in Section 3.1 was expanded to incorporate wedge 
augments to treat cases of moderate uncontained type-2 A tibial defects in the medial 
metaphysis with two wedge angles investigated, 15° and 30° (see Figures 3.4 and 3.5). The 
metal wedge augment is manufactured of the same material as that used to create the tibial 
tray (i.e. titanium alloy) as is the case in clinical practice and is screwed in position to the 
underside of the tibial tray. The cement wedge augment is manufactured of the same PMMA 
material used in other cemented areas of the model. A second model with cement used to fill 
the tibial defect was created as is often done in clinical practice. Thus the effect of using a 
metal wedge augment on equivalent stresses and shear stresses could be analysed and 
compared with using cement alone to fill the defect. Two ROIs within the cancellous bone 
were chosen (a 2x2 block of elements -  this was deemed sufficient to examine the average 
stresses in these regions) as failure-prone regions in TKR with mean equivalent stresses 
compared. Shear stresses along the defect margin were also investigated to examine if  these 
could be correlated with early failure. Models with these augment configurations were 
extended to include stem extensions and results compared.
ROI 1
R 0 I 2
(b) (c) ( d )
Figure 3.4 2D TKR models showing materials used in 15° wedge TKR models with (a) cement augment 
(b) cement augment with stem extension (c) metal augment and (d) metal augment with stem extension.
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ROI 1
ROI 2
(1» (C) (d)
Figure 3.5 2D TKR models showing materials used in 30° wedge TKR models with (a) cement augment 
(b) cement augment with stem extension (c) metal augment and (d) metal augment with stem extension.
The maximum displacements of the metal augment and cement augment models were 0.384 
mm and 0.4578 mm located on the lateral and medial metaphysis respectively of the bearing 
component. Thus the use of the metal augment may increase the initial overall stability of the 
model by reducing displacement. However the increased displacement may be due to the 
lower modulus of the bone cement compared with the cancellous bone modulus value. The 
metal augment also reduces the overall displacement in the bone distal of the augment. 
Clinical studies (Jeffery et al., 1994) have shown a higher failure rate associated with the use 
o f cement augment (i.e. fracture or loosening being the two main factors) when compared 
with metal wedge augments.
Initial examination of the cancellous bone stresses show that the metal wedge reduces these 
stresses immediately distal of the augment particularly on the far medial side in both the 15° 
and 30° models. The stem extensions appear to reduce stresses in this region. In the metal 
augment model the cement layer (i.e. cement used to affix the augment to the bone) has lower 
von Mises stress values compared with regions of the same location in the cement augment 
model. These higher cement stresses in the cement augment model points to evidence o f 
localised overloading and stress concentrations at the bone-eement interface which could be a 
factor resulting in early failure due to loosening. On the lateral side stresses appear unaffected 
by the choice of augment and reduced on the far lateral side when a stem extension is
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introduced. Moving distally of the tibial stem in the TKR models without stem extensions 
stress values appear unaffected by the type of augment (see Figure 3.6-3.9).
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Figure 3.6 Stress analysis o f 15° TKR models with (a) metal wedge augment and (b) cement wedge
augment.
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Figure 3.7 Stress analysis of 15° TKR stem extension models with (a) metal wedge augment and (b)
cement wedge augment.
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S, Mises 
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Figure 3.8 Stress analysis o f 30° TKR models with (a) metal wedge augment and (b) cement wedge
augment.
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Figure 3.9 Stress analysis o f 30° TKR stem extension models with (a) metal wedge augment and (b)
cement wedge augment.
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3.3.2 TKR model with block augment
The defects of 15° and 30° were treated with block augments (metal and cement) of 10 mm 
and 15 mm depth respectively (see Figures 3.10 and 3.11). These depths were chosen to 
coincide with the defect angles of 15° and 30° as an alternative method o f treating the same 
defect but with some extra degree of bone resection. Although some extra bone resection is 
necessary with a block augment tibial TKR procedure it may result in extra stability o f the 
tibial tray. Again two ROIs were chosen at which stress concentrations were compared and 
shear stresses along the cement-bone interface were plotted for each o f the various 
augment/stem combinations. Results were also compared with those of the wedge augment to 
determine the most suitable approach in augment/stem defect treatments for different defect 
depths in TKR.
Stresses were again lower in the region immediately distal of the metal augment on the far 
medial side compared with that of the cement augment. The stem extension appears to reduce 
these stresses. Stresses on the lateral side were unaffected by the choice of material used to 
fill the defect but were reduced by the inclusion of the stem extension (see Figures 3.12- 
3.15).
ROI 1 ROI 2
(b) (c) (d)
Figure 3.10 2D TKR models showing materials used in 15° block TKR models with (a) cement augment 
(b) cement augment with stem extension (c) metal augment and (d) metal augment with stem extension.
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ROI 1 ROI 2
( b )
Figure 3.11 2D TKR models showing materials used in 30° block TKR models with (a) cement augment 
(b) cement augment with stem extension (c) metal augment and (d) metal augment with stem extension.
S, Mises  
(Avg: 75%)
I— A  + 3 .6 7 8 0 + 0 1  
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+ 1 .7 0 0 0  + 00  
+ 1 .5 3 0 0 + 0 0  
+ 1 .3 6 0 0 + 0 0  
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+  1 . 0210+00 
+ 8 .5 0 8 0 -0 1  
+ 6 .8 1 0 0 -0 1  
+ 5 .1130-01  
+ 3 .4150-01  
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rtifn
Figure 3.12 Stress analysis of 15° TKR models with (a) metal block augment and (b) cement block
augment.
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S, Mises  
(Avg: 75%)
+ 4 ,4 8 5 e + 0 1  
+2.039e+00  
+ 1 .8 6 9 e + 0 0  
+ 1 .7 0 0 e + 0 0  
+ l , 5 3 0 e + 0 0  
+ l , 3 6 0 e + 0 0  
+ 1 ,1 9 0 e + 0 0  
+ 1 .0 2 1 e + 0 0  
+8.508e-0l 
+ 6 .8 1 0 e -0 1  
+ 5 .113e-01
Ï + 3 .4 1 5e-01  + I , 7 l 8 e - 0 1  + 2 .0 4 1 e - 0 3
Figure 3.13 Stress analysis of 15° TKR stem extension models with (a) metal block augment and (b)
cement block augment.
S, Mises 
(Avg: 75% )
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Figure 3.14 Stress analysis of 30° TKR models with (a) metal block augment and (b) cement block
augment.
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Figure 3.15 Stress analysis of 30° TKR stem extension models with (a) metal block augment and (b)
cement block augment.
3.4 Equivalent Stress Results
3.4.1 15° Defect
The results are presented as mean equivalent stress ± standard error o f the mean at the ROIs. 
Equivalent stress values were found to be significantly higher (p < 0.05) in the ROI 1 in the 
model with no stem extension where the cement wedge (0.34 ± 0.06 MPa) was used to fill the 
defect when compared with the cement block (0.23 ± 0.05 MPa), metal wedge (0.23 ± 0.06 
MPa) and metal block (0.11 ± 0.04 MPa) components. These results are shown graphically in 
Figure 3.16. When a 30 mm stem extension was employed equivalent stresses were found to 
be significantly higher (p < 0.05) than without a stem in all cases; the metal block (0.27 ± 
0.09 MPa), the cement block (0.46 ± 0.07 MPa), the cement wedge (0.52 ± 0.09 MPa) and 
the metal wedge (0.45 ± 0.1 MPa) models. The ordering of the models according to the stress 
value was the same as with no extensions; i.e. the cement wedge followed by cement block 
and metal wedge and finally the metal block.
In ROI 2 similar trends were found with the highest stresses found in the cement wedge (0.89 
± 0.03 MPa). In this region the stresses with the cement block (0.89 ± 0.03 MPa) were
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similarly high compared with the metal block (0.74 ± 0.03 MPa) and metal wedge (0.74 ± 
0.05 MPa) augment models respectively. However, in contrast to ROI I, significantly lower 
stresses were found in ROI 2 when a 30 mm stem extension was employed in all cases. 
Result values are shown graphically in Figure 3.17.
3.4.2 30° Defect
For the 30° defect the equivalent stress values in ROI I and R 0I2 followed broadly similar 
trends to those found with the 15° defect. The stresses were significantly lower for the metal 
block (0.12 ± 0.03 MPa), followed by the cement block (0.13 ± 0.03 MPa), metal wedge 
(0.16 ± 0.05 MPa) and cement wedge (0.32 ± 0.06 MPa) models. Again, when a 30 mm stem 
extension was introduced the stress values were significantly increased in all models.
In ROI 2 equivalent stresses were again highest in the case o f the cement wedge (1.34 ± 0.17 
MPa) followed by the metal wedge (I.I9  ± 0.3 MPa), the cement block (1.09 ± 0.04 MPa) 
and the metal block (1.01 ± 0.08 MPa). Significantly lower equivalent stresses were again 
found in all models when a stem extension o f 30 mm was employed.
CO 0.3
I
Metal Block C em ent Metal C em en t Metal Block C em en t Metal
Block W edge W edge Block W edge
15° 30°
C em en t
W edge
Augment
I No S tem  Extension □  30m m  S tem  Extension
Figure 3.16 Equivalent stress values (mean ± standard deviation) of different augment procedures for 15°
and 30° defects for ROI 1.
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1.6
m 0.6
UJ 0.4
Metal Block Cement Metal Cement Metal Block Cement Metal Cement
Block Wedge Wedge Block Wedge Wedge
15° 30°
Augment
■ No Stem Extension □  30mm Stem Extension
Figure 3.17 Equivalent stress values (mean ±  standard deviation) of different augment procedures for 15°
and 30° defects for ROI 2.
3.5 Shear Stress Results
3.5.1 15° Defect
The results are presented as a plot of the shear stresses along the margin o f the defect 6 mm 
from the cortical end in the direction of the tibial stem. In this study shear stresses between 
the cancellous bone and the defect were of primary interest and thus the shear stresses at the 
cortical end o f the bone were not considered. Shear stress values were found to be 
significantly lower (p < 0.05) along the margin of the defect for the metal block when 
compared with the cement block. Similarly for the wedge shaped augments stress values were 
statistically significantly lower for the metal wedge when compared with the cement wedge. 
Overall no statistical significant difference was recorded between the metal wedge and metal 
block components. The results are shown graphically in Figure 3.18. Shear stress values were 
significantly increased (p < 0.05) in all models when a 30 mm stem extension was employed 
except for the metal block component model where results were significantly similar.
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3.5.2 30° Defect
Shear stresses values were again signifieantly higher (p < 0.05) for the cement wedge 
compared with the other models without a stem extension. No statistically significant 
difference was recorded for shear stress values between the metal wedge, metal block and 
cement block component models. When a 30 mm stem extension was introduced the shear 
stress values were significantly increased (p < 0.05) in all cases except for the metal block 
component model where values were statistically significantly similar. Results are shown 
graphically in Figure 3.19.
0.35 1
•o- -o .
I0 0.25 -
-o.
A-
0.05 -
0 5 10 15 20 25 30
Distance from cortical end (mm)
-A—  Cement W edge 0mm - -a- - Cement W edge 30mm — A—  Metal W edge 0mm 
-A- - Metal W edge 30mm —a—  Cement Block 0mm - -a- - CementBlock 30mm 
—  MetalBlock 0mm Metal Block 30mm
Figure 3.18 Average shear stress values of different augment procedures for 15° defect along the margin 
of the defect (measured 6 mm moving medially from the lateral cortical end.
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Figure 3.19 Average shear stress values of different augment procedures for 30° defect along the margin
of the defect.
3.6 Discussion
Increased equivalent stress concentrations were predicted in the cancellous bone in ROI 1 in 
the cement wedge and cement block augment models when compared with the metal wedge 
and metal block augment models respectively. It is suggested that these increased stresses 
increase the possibility of loosening of the cement augments (Chen and Krackow, 1994). In 
the case of both defect angles the metal block augments produced the lowest stress 
concentrations. This matches clinical theories where it is commonly believed that stress 
concentrations on the defect margin are responsible for early loosening or fracture o f the 
cement mantle (Chen and Krackow, 1994). The stresses with metal augments may be lower 
than corresponding cement augments because the metal stiffens the tibial tray, reducing the 
stresses in the cancellous region below. The taper may have higher stresses than the 
corresponding block as the block transfers the load more distally in the cancellous region. 
Equivalent stresses were also higher near to the junction of the augment and the cortical bone 
(i.e. ROI 2) for the cement filled augment models compared with their corresponding metal 
augment models thus increasing the possibility of loosening at this region. Again this can be 
attributed to the greater tray stiffening afforded by the metal augments.
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In the case o f the 15° defect, shear stresses plotted along the margin o f the defect were higher 
for the cement wedge and cement block in comparison with the metal wedge and metal block 
respectively. In the case o f the 30° defect, shear stresses plotted for the cement wedge 
augment were statistically significantly higher than those o f the other non-stem extension 
augment models. Thus it is recommended that cement wedges and cement blocks are not 
used to fill large proximal defects of 15° and 30°. It is also recommended that metal block 
augments are used over metal wedge augments due to their reduced equivalent stress 
concentrations in the cancellous bone ROIs.
Contrary to the accepted belief that stresses on the angled wedge surface are larger compared 
with the flat block surface (Chen and Krackow, 1994) there was no statistically significant 
difference in shear stresses between the metal block and metal wedge augment models. 
Examination o f shear stresses along the angled wedge surface show that positive shear pulls 
the cancellous bone towards the tibial stem due to the higher displacement o f the cancellous 
bone in comparison with the adjacent higher modulus tray and augment. As a result o f this 
higher modulus the tray and augment restrict this medial-lateral bone expansion through 
shear stresses acting in the direction o f the tibia. These shear stresses are in the opposite 
direction to those which result from the inclination o f the wedge augment to the loading 
direction (lateral direction away from the tibial centre line). Due to limitations with 2D 
modelling the cortical region cannot produce hoop stresses which would normally be present 
in the actual tibia and 3D modelling. These hoop stresses would provide medial-lateral 
constraint and thus the shear stresses acting in the direction o f the tibia produced by the tray 
and augment may not be as large as in this 2D study.
The use of stem extensions was found to increase equivalent stress concentrations at ROI 1 in 
all models. This stress increase is due to the reduction o f displacement o f the extended 
implant stem, as it is closer to the cortical shell in the extended position. This increased the 
rigidity o f the central implant stem which caused increased bending stresses in the implant 
tray, which in turn produced higher stresses in the adjacent proximal cancellous bone. This is 
again in contrast to the commonly accepted belief that the addition o f a stem extension 
provides an additional path for load transfer so lowering the load transfer and hence 
cancellous bone stresses in the proximal region. In contrast, in R 0I2 the use o f a stem 
extension reduced the cancellous bone stresses. The reduction in the equivalent stress
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concentrations for the 30° defect was approximately double that o f the 15° defect. In addition 
the use o f a stem extension was shown to increase the cement shear stresses in all cases 
except the metal block augment for both defect sizes. Based on these results the use o f a stem 
extension with a metal block augment for smaller defects is not recommended but these 
results will need to be verified by a 3D analysis which will be detailed in later chapters.
There are limitations associated with the FE model which are likely to affect the results 
detailed. These include 2D plane strain assumptions, the absence of ligament and muscle 
forces, simplified tibial geometry, idealised material behaviour and the assumption o f quasi­
static and symmetrical condylar loading.
3.7 Conclusion
The use o f block augmentation in the treatment o f moderate uncontained type-2A defects in 
TKR results in increased bone resection compared with that of wedge augmentation. This 2D 
analysis shows that using metal rather than cement augmentation causes a reduction in stress 
concentrations in both ROIs in the cancellous bone and in the cement shear stresses along the 
defect margin. The use of metal block augmentation is shown to further reduce the stress 
concentrations compared with the use o f metal wedge augmentation. It has been shown that 
the use o f a stem extension is more beneficial, in terms of stress reduction in the cancellous 
bone generally (R0I2), in the case o f larger defects. Thus the use o f stem extensions may not 
be necessary in the treatment o f smaller defects with metal block augmentation.
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Chapter 4 
Two-Dimensional TKR Tibial Models -  
Remodelling Analysis
4.1 Introduction
Analysis o f remodelling patterns in implanted models is important in identifying regions of 
resorbed bone which may be prone to migration or loosening in TKR analysis. Loosening or 
migration may be attributed to stress shielding o f bone to physiologic stresses which occur in- 
vivo. The classic example o f analysing the suitability o f any remodelling algorithm is with an 
FE model o f the 2D proximal femur. FE models coupled with subroutines which determine 
remodelling patterns can be used to establish the most appropriate course of action when 
performing TKR e.g. choice of material, cement or metal to fill defects etc. The following 
chapter details the remodelling algorithm used in this study and its use in the classic example 
o f the 2D proximal femur to determine its suitability. The algorithm was then applied to an 
intact tibia, a non-defect TKR model and a defected TKR model treated with metal wedge 
and block augments compared with the use of cement wedge and block augments (similar to 
that o f Chapter 3).
4.2 Remodelling Algorithm
The algorithm implemented in the remodelling analysis presented here was based on a 
uniform strain criterion initially proposed by Co win and Hegedus (1976) according to the 
equations:
d E
d t
s < s ^
0 if s , < s < s ^  4.1
— s > 6
where E  is the elastic modulus, e is the average principal strain, ei and E2 are target strains of 
0.002 and 0.003 respectively. C l  and C2 are the nonlinear exponents o f strain-adaptive 
remodelling which have values of 2 for bone resorption (i.e. bone loss will occur when e <  si)  
and 3 for bone formation (i.e. bone growth will occur when s  >  s i)  respectively and 5  is a
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remodelling constant which has a value o f 20. The value of (g-g; where z=l or 2) is commonly 
referred to as the absolute value o f the error and depends on the value o f g over a time 
increment. These values were shown to be the most suitable value for matching clinical data 
for bone loss in the proximal tibia and were evaluated on a trial and error basis. Changes to 
these sensitive parameters were shown to result in large changes to the bone remodelling 
predicted.
Figure 4.1 shows the above equation represented graphically with the equilibrium zone 
highlighted. The equilibrium zone is a region of bone where little or no bone remodelling is 
occurring. Ideally all bone elements will reach this zone after a certain time period (i.e. g; < g 
< S2) and the modulus value will cease to change. Although ‘zero’ bone remodelling does not 
occur in clinical practice as bone remodelling is a constant process the algorithm assumes this 
ideal state. Thus the value of the elastic modulus for every element is updated at the end of 
each time increment until the required time is reached. Maximum and minimum values o f E  
were chosen as 0.01 MPa (total resorbed bone) and 13.5 GPa (cortical bone). The maximum 
value o f E  was evaluated as the average value of cortical human bone in the longitudinal and 
transverse directions (University o f Cambridge, 2007). This remodelling algorithm is 
incorporated as a user-defined field subroutine (USDFLD) in the FE analysis.
‘lazy’ or equilibrium zone+ve
dE
dt
-ve
Figure 4.1 Graph that governs the change in modulus rate depending on value of average principal strain
value.
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As the load is applied as an amplitude load (see Figure 4.2), the USDFLD is adjusted to begin 
the algorithm when the load is fiilly applied according to the statement:
I F  (KING > 1) THEN
Equation 4.1 was implemented in the program according to the statements:
I F  (EAVERAGE < El) THEN 
Z = (B1 * ((El - EAVERAGE)**C1))*-l 
E L SE IF  (EAVERAGE > E2) THEN 
Z = B1 * ((EAVERAGE - E2)**C2)
ELSE
z = 0
ENDIF
where Z  (dFy/dt) is the rate o f change o f field variable. The field variable is updated per time 
increment according to the equation:
dF ,A
Fv, =  A m  +
d t j 4.2
which is implemented in the USDFLD according to the statement:
FIELD(1) = STATEV(l) + Z*DTIME*N 
where N  is the number o f cycles per time increment, which in this study is assigned a value of 
8000. The maximum and minimum values of the field variable are 1 and -1 which correspond 
to the maximum and minimum values of the elastic modulus (i.e. 0.01 MPa and 13.5 GPa) 
respectively (see Figure 4.3). This is implemented in the USDFLD as:
I F  (FIELD(1) > 1.0) THEN
FIELD(1)=1.0
ENDIF
I F  (FIELD (1) < -1.0) THEN
FIELD(1) - -1.0
ENDIF
Finally the state variable becomes the field variable before the start o f the next increment 
according to the USDFLD statement:
STATEV(l) = FIELD (1)
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Figure 4.2 Amplitude load applied to model.
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Figure 4.3 Graph showing values of modulus vs. field variable value.
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4.3 2D Femur Model
A 2D femur model was coupled with the USDFLD described in Section 4.2 to model the 
bone response to loading in the femur during the stance phase o f gait. The model represents a 
large simplification o f the geometry o f the proximal femur in loading and ligament/muscle 
attachment. However the model was created to examine if  the USDFLD described is capable 
of producing reasonably accurate bone modulus patterns. The model contained only 
cancellous bone elements which were assigned a field dependant modulus section as defined 
in Section 3.1. The model contained loading at the ligament attachments and body loading at 
the femoral head similar to that of the model described by Turner et al., 1997 (see Figure 
2.39). After an elapsed time o f 12 increments the formation o f cortical bone (i.e. elements 
which have reached a value of 13.5 GPa) along the lateral side o f the cortex (RO Il) can be 
found in the proximal femur (see Figure 4.4 and Figure 4.5). Also the formation o f the low- 
modulus intramedullary space at the distal end is present with complete resorption o f bone 
elements in this region after the same time period (R0I2). Low-modulus regions are also 
evident at the proximal bone close to the edges o f the joint and W ard’s triangle in the femoral 
neck (R0I3). Increased modulus was found in regions close to the areas o f ligament 
attachment and load applications. Convergence o f all elements was achieved after 
approximately 200 increments. Modulus patterns were found to be similar to that which were 
found in the 2D proximal femur remodelling study carried out by Turner et al., 1997 (see 
Section 2.7.3.1).
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Figure 4.4 Femur model pre-implantation showing field distribution after 500 days.
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Figure 4.5 Modulus evolution of element in region of lateral cortex (R O Il), intramedullary space
(ROI2) and Wards triangle (ROI 3).
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4.4 2D TKR models
4.4.1 Intact Tibia and TKR models
For the remodelling analysis the intact tibia and TKR models described in Section 3.2 were 
coupled with the USDFLD to analyse the bone remodelling response to loading. The models 
contained no cortical bone elements; instead all bone elements were assigned a field 
dependant modulus section as outlined in Section 4.1 above with a starting value of 6750 
MPa in all elements. In both 2D models cortical bone was formed along the lateral and 
medial sides o f the bones. The exclusion of the patellar ligament and collateral ligaments on 
the tibia may cause inaccuracies in the results. The models had lower modulus bone in its 
proximal region with bone of greater modulus value occurring distally (see Figure 4.6). This 
is similar to the natural human tibia with less density (i.e. cancellous bone) in regions close to 
its articulation with the femur (i.e. in the proximal region or epiphysis). These results 
compare favourably with other research (Cowin and Hegedus, 1976).
FVl
(Avg; 75%)
+2.418e+00 
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- 5 .8338-02  
-l.OOOe-01 
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Figure 4.6 2D tibia models showing field variable distribution after 500 days showing regions of bone loss 
(dark black) and bone gain (grey) for (a) non-TKR and (b) TKR models.
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Figure 4.7 Graph of Time vs. Modulus for the three ROIs in TKR model.
Figure 4.6b shows regions of severe bone loss between the tibial tray and stem. Convergence 
of results was usually achieved before 365 days with little or no bone modulus changes 
occurring after this increment (see three ROIs in Figure 4.7). Some elements in these regions 
underwent almost complete resorption after 500 days (e.g. ROI I) which is a common feature 
identified in revision surgery with all stem designs (Lonner et al., 2001). This bone loss 
becomes less severe moving distally and laterally/medially from the tibial tray and stem 
respectively. Elements in ROI 2 underwent approximately 16% bone resorption in the first 
three months of remodelling similar to the work of Saari et al., 2006 (See Section 2.5.3). 
Regions further distally predicted no bone remodelling (i.e. no change in modulus) as these 
elements lie in the equilibrium zone. The use of average principal strain as the stimulus for 
remodelling is used to represent the anisotropic elastic properties of bone (as referred to in 
Turner et al., 1997). This is a large oversimplification of the properties o f bone but has 
nevertheless been shown to predict somewhat accurate bone remodelling distributions in 
other research (Turner et al., 1990). Also the assumption of all elements in the model having 
an initial uniform modulus value would have greatly affected the results.
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4.4.2 Augment models
The augment models detailed in Section 3.2 were coupled with the USDFLD to compare the 
bone response to loading for each augment type and defect size. ROIs examined for the 
degree of bone loss were the same as those examined in Section 3.2. Distal and lateral bone 
regions appear unaffected by the augment type used (see Figures 4.8-4.15). The majority of 
the bone loss is found adjacent to the tibial stem in all models, similar to that of the TKR non­
defect model. The use of cement augments results in smaller regions of significant bone loss 
(i.e. black region) compared to the metal augments with these regions also occurring more 
distally away from the defect margins. The use of the stem extension appears to result in a 
larger region of bone loss; however this region is shifted distally in all models (except in the 
case of the metal block where it increases the region of bone loss at the defect margin in the 
case o f the large defect). Metal wedges result in larger regions o f bone loss compared with 
the metal block model only in the case of the larger defect.
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Figure 4.8 Bone modulus field variable values for 15° defect for (a) cement block and (b) cement wedge
models after 500 days.
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»
(a) (b)
Figure 4.9 Bone modulus field variable values for 15° defect of (a) metal block and (b) metal wedge 
models after 500 days (same legend colour code as Figure 4.8).
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Figure 4.10 Bone modulus field variable values for 30° defect for (a) cement block and (b) cement wedge
models after 500 days.
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Figure 4.11 Bone modulus field variable values for 30° defect for (a) metal block and (b) metal wedge 
models after 500 days (same legend colour code as Figure 4.10).
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Figure 4.12 Bone modulus field variable values for 15° defect for (a) cement block and (b) cement wedge
models (with stem extensions) after 500 days.
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(b)
Figure 4.13 Bone modulus field variable values for 15° defect for (a) metal block and (b) metal wedge 
models (with stem extensions) after 500 days (same legend colour code as Figure 4.12).
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Figure 4.14 Bone modulus field variable values for 30° defect for the (a) cement block and (b) cement
wedge models (with stem extensions) after 500 days.
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Figure 4.15 Bone modulus field variable values for 30° defect for the (a) metal block and (b) metal wedge 
models (with stem extensions) after 500 days (same legend colour code as Figure 4.14).
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Figure 4.16 Final modulus values for different augment types (without stem extensions) after 500 days.
89
Chapter 4 Two-Dimensional TKR Tibial Models -  Remodelling Analysis
7000  -
6000
5500
5000  -
3  4 5 0 0  -i 
4000
3500
3000
2500
2000
Block C e m e n t W e d g e  C e m e n t B lock Metal
Augment
W e d g e  Metal
15° R O Il □  15° ROI2 □  30° R O Il □  30° ROI2
Figure 4.17 Final modulus values for different augment types (with stem extensions) after 500 days.
Figure 4.16 shows that the metal block produces the most bone loss in ROI 1 followed by the 
metal wedge augment for both defect sizes. When a stem extension is introduced (see Figure 
4.17) modulus values increase for ROI 1 and decrease for ROI 2. However complete bone 
resorption did not occur in any of the regions examined after 500 days. This indicates that the 
higher rate of clinical failure of cement wedges to treat defect treatments may not be due to 
the levels of bone resorption but to the high levels of equivalent stresses in the bone and shear 
stresses in the cement-bone interface (as described in Chapter 3). Thus the initial stability of 
TKR devices may be a better indicator of their performance in vivo including predicting the 
possibility of loosening/migration of the augment used. 3D results in later chapters will 
examine these bone resorption patterns further, however only from an initial stability point of 
view. Several limitations are associated with bone remodelling algorithms mainly due to 
assumptions made. The number of loading cycles is likely to vary between patients 
particularly immediately post-TKR as the patient is likely to be in a state of recovery and rest. 
Thus remodelling patterns predicted are likely to vary between patients depending on their 
level of activity. Also parameters used in the algorithm are likely to vary between patients 
and are assumed to appropriately predict remodelling based on clinical studies. The use o f an 
initial uniform modulus value is also likely to have affected results obtained.
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4.5 Conclusion
Clinical results have shown the superiority o f metal augments over wedge augments in 
treating proximal bone defects. Thus it is likely that the extra degree o f bone resorption 
obtained using metal augments displayed in this study is not likely to lead to a greater 
possibility o f loosening o f the augment. No clinical studies assessing bone density change 
have been carried out with augmented models. The ability to predict the behaviour o f bone 
in-vivo through the use o f bone remodelling algorithms remains a challenge. Applying the 
above described remodelling algorithm to a non-defect TKR model showed similar trends to 
those observed clinically. However bone remodelling algorithms only predict bone modulus 
or density changes from a purely mechanical point o f view. Future models will need to 
incorporate the effect o f other factors such as hormonal influences on bone.
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Chapters 
Mobile Bearing (MB) Tray Tibial TKR with 
Standard and Press-fit Stems.
5.1 Introduction
This chapter outlines a 3D FE analysis model o f a tibia bone and implanted MB revision tray 
and bearing with resulting stress distributions and displacements discussed. The objective o f 
the analysis was to model the tibia bone with an implanted prosthesis with a 1.5 mm layer o f 
bone cement surrounding the tibial component (i.e. a standard stem model) in order to 
analyse the initial stability o f the TKR device. Cortical and cancellous regions of the bone 
were modelled. A second model was created with a stem extension (i.e. a press-fit stem 
model) to examine the effect on the cortical and cancellous bone. As TKR operations have 
high success rates clinically the models detailed in this chapter can be used as ideal or control 
examples when examining other TKR models such as those containing defects, details o f 
which can be found in later chapters.
5.2 Materials and Methods
5.2.1 Geometry Creation and Assembly
The tibia part was imported into ABAQUS from the Biomechanics European Laboratory 
(BEL) Repository file (http://www.isbweb.org/-see Figure 5.1).
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Proximal tibia end
Figure 5.1 Full tibia bone imported from BEL Repository file.
Cavity for bearing insertion
— Tibial Tray
Standard Stem
Figure 5.2 Mobile bearing revision tray used in analysis (i.e. a standard stem).
Using the geometry of the tibial prosthesis standard stem (see Figure 5.2) a cement layer with 
a thickness of 1.5 mm was created (hereby referred to as the lower cement layer). This was 
done by using the P art Copy command in the P art module to first copy the tibial tray/stem 
part and deleting the tray components (Part 1). This part was then copied again by a scale 
factor of 1.25 (Part 2) so that when Part 1 and 2 were aligned side by side (in the A ssem bly  
module using Coaxial and P arallel Face commands) they were separated by a gap o f 1.5 
mm. The parts were then merged using the M erge/Cut command. The C reate Wire: Poin t to
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Point function was then used to create the edges joining Part 1 and 2 (now merged as one) in 
the P art module. Surfaces were then created to close the gap between the two parts to create a 
closed volume. Finally the solid part was created using the Create Solid: From Shell 
command (see Figure 5.3a).
A second cement layer (hereby referred to as the top cement layer) was created using the 
geometry o f the underside o f the tibial tray (see Figure 5.2) again with a thickness of 1.5 mm 
(excluding pockets). The cement pockets were created from the geometry of the pockets of 
the tibial tray to completely fill all four pockets of the tibial tray. The remainder of the top 
cement layer was created in a similar fashion to that of the lower cement layer. The pockets 
and the base of the cement layer were then merged again using the M erge/C ut command to 
create a single part (see Figure 5.3b).
Surface Created
Cement Pockets
—  y
Base
(a)
Figure 5.3 (a) Lower and (b) top cement layers.
The correct positioning o f the prosthesis in the bone was determined by ensuring that the 
tibial stem when extended remained centrally positioned in the medullary cavity. This was 
achieved by creating datum axes along the longitudinal axis of the stem and cancellous bone 
in the P art module. These datum axes were then used to align the two parts in the A ssem bly  
module. The resection o f the top bone surface (i.e. proximal epiphysis region) was created 
using the base o f the tibial tray to create a new flat plane. This plane was then offset to the 
highest point on the proximal bone surface. Another plane was then created by offsetting this
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plane by 10 mm distally. This 10 mm of bone was then removed by using the Partition Cell 
function and then deleting the unwanted surfaces. As the periphery of the tibial tray does not 
match that of the bone cut some overlapping is inevitable. This overlapping also occurs in 
clinical practice, however the surgeon will usually attempt to minimise this to ensure a stable 
platform for the tibial tray and better stability for the prosthesis. The distal diaphysis 
resection cut (i.e. the analysis is only examining the proximal half of the bone) was carried 
out by creating an offset plane to this upper cut surface and again using the Partition  Cell 
command to remove the unwanted surfaces (see Figure 5.4).
Datum planes
3
Figure 5.4 Cancellous bone cut with datum planes used to make the cuts (one proximally and another
distally).
In addition to being used as the cement layer for the tibial stem the lower cement part was 
also used to create the cavity in the proximal cancellous bone for the insertion of the lower 
cement layer using the M erge/C ut operation in the Assem bly module (see Figure 5.5). The 
lower cement layer was first positioned surrounding the tibial stem using the p a ra lle l edge  
and coaxial constraints in the Assembly module and the cut was made.
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Figure 5.5 Cancellous bone showing cavity created after cut operation.
The cortical layer (see Figure 5.6) was created in a similar way to that of the lower cement 
layer using the geometry of the cancellous bone. The thickness of the cortical bone was taken 
as 2 mm. A fifth part (tibial bearing) was also imported into ABAQUS (see Figure 5.7).
3
Figure 5.6 Cortical bone section.
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Figure 5.7 Bearing Component.
A second model was created to include a stem extension with contact modelled using an 
appropriate coefficient o f friction (see Figure 5.8). The stem extension was press-fit into the 
expanded tibial cavity with the geometry of the stem extension used to create the cancellous 
bone cut in the same manner as before using the M erge/C ut command to create the stem 
extension cavity. Finally a third model was created similar to that of the second model with 
tied contact used between the stem extension and cancellous bone. This was done to examine 
the effect of modelling the stem extension with friction contact and tied contact (as the tied 
contact is less expensive computationally).
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Figure 5.8 Stem extension attached to tibial stem (i.e. a press-fit stem).
In the A ssem bly module the components were translated appropriately to define the final 
model set-ups. In order to align the components together in their correct positions, position 
constraints (i.e. aligning faces, edges and axes in parallel) were applied to the part instances. 
Figure 5.9 shows the final positioning of the two models. The cancellous bone was placed 
inside the cortical bone using the Parallel F ace and Translate functions. The lower cement 
layer was placed inside the cancellous cavity using the Coaxial, P arallel F ace and Translate 
functions. The tibial stem was also placed inside the lower cement layer in a similar fashion. 
The top cement layer was placed under the tibial tray by aligning the cement pockets with the 
geometry of the pockets on the tibial tray using the P arallel Face, P ara lle l E dge  and 
Translate functions. The bearing component was placed on the tibial tray surface using the 
P ara llel F ace  command while the bearing stem was placed inside the tibial tray cavity using 
the Coaxial function.
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Bearing
Top Cement Layer
Standard Stem
Lower Cement Layer
Cortical Bone
Cancellous Bone 
Press-fit stem
(b)
Figure 5.9 Section cut in the frontal plane (at the mid-section of the hone) of TKR assembly with (a)
standard stem and (h) press-fit stem.
5.2.2 Material Properties
The imported tibia was that of a single volume and thus it was necessary to assign material 
properties to the cortical (outer, stiffer bone) and eancellous (inner, spongy bone) regions. 
Materials for the eancellous and eortieal sections of the bones were created (see Table 5.1) 
and sections were created with these properties. It was assumed that the bones were isotropie, 
homogenous and linearly elastie. Materials for the eement parts, tibial component, press-fit 
stem and bearing were also created using the material properties shown in Table 5.1 and 
seetions were ereated with these properties. It was also assumed that the parts were isotropie, 
homogenous and linearly elastie. Other mechanieal strength properties o f the materials used 
were also soureed to help interpret the results and are shown in Table 5.2.
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Material E(GPa) V
Cancellous 0.7 0.3
Cortical 17 0.3
PMMA (Cement) 2.27 0.46
T14A16V (Standard and press-fit stems) 110 0.3
UHMWPE (Bearing) 2.3 0.25
Titanium 
Ti6A14V (Boyer 
et al., 1994)
Tensile Yield Strength 790 MPa
Compressive Yield Strength 860 MPa
Shear Ultimate Strength 550 MPa
Fatigue Strength (@10^ cycles) 140 MPa
Bone 
Cement (Baleani 
et al., 2003)
Tensile Yield Strength 33 MPa
Compressive Yield Strength 84 MPa
Shear Ultimate Strength 33 MPa
Fatigue Strength (@10^ cycles) 12.5 MPa
Cortical 
Bone (Black and 
Hastings, 1998)
Tensile Ultimate Strength 106 MPa
Compressive Ultimate Strength 157 MPa
Shear Ultimate Strength 51.6 MPa
Fatigue Strength (@10^ cycles) 50 MPa
Cancellous 
Bone (Black and 
Hastings, 1998)
Tensile Yield Strength 8 MPa
Compressive Yield Strength 20 MPa
Bone Resorption Threshold 0.1 MPa
5.2.3 Meshing and Interactions/Constraints
The model (see Figure 5.10) contained 10,515 quadratic solid tetrahedral elements for the 
prosthesis, 19,281 quadratic solid tetrahedral elements for the bearing, 22,951 quadratic solid 
tetrahedral elements for the base eement layer and 9,382 quadratic solid tetrahedral elements 
for the top cement layer. In the ease of the tibia 29,776 quadratic solid tetrahedral elements 
were created for the cortical thickness region and 107,263 quadratic solid tetrahedral 
elements were created for the eancellous region. A convergence study had previously been 
carried out by the author to ensure an adequate number of elements were used. Again mesh
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densities were increased in all components until stress values were unchanged to four decimal 
places. The resulting mesh can be seen in Figure 5.10. For the press-fit stem model there 
were 13,402 quadratic solid tetrahedral elements for the prosthesis and stem extension 
combined and 99,792 quadratie solid tetrahedral elements for the caneellous region. All other 
components had the same number of elements.
m
Figure 5.10 Resulting mesh showing tihial tray (hrown area), hone cement layer (grey area), hearing (hlue 
area) and cortical hone (yellow area) components (cancellous not visible) constrained together.
In the Interaction  module tie constraints were applied to selected surfaces of certain parts, 
which were assumed to be perfectly bonded with no relative movement during the analysis 
(i.e. to replicate the in-vivo conditions of an ideal case which aims to have no 
loosening/migration of the prosthesis). Four tie constraint conditions were created. The lower 
cement layer was tied to the tibial cavity and the stem of the tibial prosthesis. Also the top 
cement layer was tied to the resected tibia surface on one side and to the prosthesis on the 
other side.
Relative movement was allowed between some other contacting surfaces. The eontact 
between the mobile bearing and tibial tray was modelled using the surface-to-surface contact 
algorithm and a coefficient o f friction of 0.1 (Villa et al., 2004) in both models. In the case of 
the general contact press-fit stem model the contact between the cancellous bone and the stem
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extension was also modelled using the surface-to-surface contact algorithm and a coefficient 
of friction of 0.25 (Completo et ah, 2008). For the tied contact press-fit stem model no 
relative movement was allowed between the stem extension and cancellous bone and this was 
modelled using tied contact.
5.2.4 Loads and Boundary Conditions
An analysis step was created for a pressure load that was applied to the curved surfaces of the 
bearing component. Loading was applied evenly to selected surfaces of the medial and lateral 
condyles (see Figure 5.11). The compression force value (2208 N) for determining the 
pressure load was chosen as three times body weight of a 75 kg person. The load application 
region and values used were based on the conditions that occur in late stance phase of gait (as 
described in Section 2.2). The gastrocnemius muscle is the only active muscle at this late 
stance phase of gait. As the gastrocnemius muscle does not attach to any region o f the 
proximal tibia, no ligaments or muscles were included in the models. The distal tibia end 
section was constrained in the x, y and z directions (see Figure 5.11). The models were 
solved.
Constraints
Pressure Load
Figure 5.11 Tibial plate/bone assembly showing pressure load applied and constraints.
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5.3 Results and Discussion
As the bearing eomponent is a mobile bearing and thus rotates about the Y axis (see Section 
2.3.1) it was originally planned to model a 1 mm clearance between the bearing stem and 
stem cavity. However this resulted in solver problems in the press-fit model due to 
penetration errors between the flat bearing surface and titanium metal tray. These penetration 
errors were significantly lower with the standard stem model and so did not cause solver 
problems (p < 0.05). Thus the models were modelled with no clearance between the two 
components. This enabled a solution to be obtained. However when comparing the standard 
stem model with clearance against that which had no clearance, no significant differences in 
the bone regions were noted in the results obtained.
A coordinate system was created in the Visualisation module for results analysis using 
geometrical points on the tibial tray surface (see Figure 5.12). The xy surface was assigned to 
the flat tibial tray surface while the z axis was defined as the direction of loading.
r.:
■ T -
V J $  ■■
: .1  ■■ -
I f .
f;
Figure 5.12 Tibial tray in wireframe mode showing custom coordinate system.
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5.3.1 Displacements and Deformed Model
The standard stem model had a maximum displacement o f 0.408 mm which was found on the 
top of the bearing post with displacement decreasing linearly to zero moving away from the 
prosthesis towards the distal end of the tibia (see Figure 5.13a). Displacement is largely due 
to bending (i.e. U2), but also due to compression (U3). The ratio o f displacement at the 
bearing tip (U2:U3) was approximately 2.73:1 (i.e. bending: compression). These 
displacements are reasonable considering the loads and boundary conditions applied to the 
model as they compare well with other studies. Displacements are likely to be less than other 
studies due to the tied contact conditions employed in this study. Miyoshi et al. (2002) 
estimated maximum displacements o f 0.74 mm in symmetric loading o f a TKR model with a 
posterior cut-out slot (i.e. PCL retaining TKR). Bending is also evident in the posterior 
direction due to the position of the loading more to the posterior side o f the tibial tray.
The maximum displacement was reduced to 0.217 mm (see Figure 5.13b) in the press-fit 
stemmed model with less bending in the sagittal plane. Displacement is again largely due to 
bending, however the ratio of bending: compression deflection (U2:U3) is reduced to 1.69:1. 
The stem extension reduces this ratio by sharing the deflection more between bending and 
compression. In order to investigate stability at the bone-cement interfaces the displacements 
along a lateral-medial path (i.e. U l) were plotted for both models (similar to the work o f 
Completo et ah, 2008 - see Figure 2.24). However it should be noted that tie contact was used 
between the proximal bone cut surface and the top cement layer and therefore there is no 
micro-motion between the surfaces. Thus the analysis was done for comparison purposes 
only. Results (see Figure 5.14) show that the standard stem model had significantly higher 
displacements when compared with the press-fit stemmed model. Little variation in micro­
motion is seen moving from the lateral to the medial side unlike that o f the Completo et ah, 
2008 study (see Figure 2.24). This is due to the tied contact which creates a fully stable 
interface between the tray and resected bone surface. Thus the extra added stability o f the 
cortical bone and tibial stem does not contribute to reducing the micro-motion in this case.
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Figure 5.13 Overall displacement of the undeformed/deformed model for (a) standard stem and (b) press-
fit stem models.
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Figure 5.14 Overall displacement (U l) along the lateral-medial path for the standard stem and the press-
fit stem model.
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5.3.2 Normal Stress Distribution and Load Sharing
Figure 5.15 shows the bending stress distribution (in the 11 direction) in the tibial tray. On 
the medial and lateral sides there are compressive stresses evident on the upper surface close 
to the region o f load application and on the distal side there are tensile stresses below the area 
o f load application. This is mainly due to the tibial tray being supported at the edges by the 
cortical bone and in the centre by the tibial stem. Figure 5.16 shows the applied pressure on 
the top surface o f the bearing component (i.e. S33 -  direction of loading). The patches o f load 
application are evident on the surface.
Figure 5.17 shows a cross-section in the frontal plane o f the stress transfer from the implant 
to the bone for the standard stem and press-fit stem models in the direetion o f applied load. 
The cross-section is taken midway between the anterior and posterior ends. It is evident that 
the stress is transferred to the higher modulus titanium tibial tray and cortical bone to a 
greater extent than that of the lower modulus cancellous bone. Higher stress fields are evident 
at the base o f the press-fit stem. These higher stresses may be due to the thinner cross section 
of bone at the base of the stem and the offloading of stresses from the proximal bone to the 
distal areas by the longer stem. Examining other cross-sections it is found that the stresses in 
all components increase moving in the posterior direction. Figure 5.18 shows that bending 
occurs in the posterior direction as there is more compression on the posterior side o f the 
cortical bone. This is primarily due to the offset load application.
In order to verify the loading transfer to the different materials, free body diagrams (FBDs) 
were created in ABAQUS at 4 mm increments from the proximal bone cut. These load values 
were plotted (see Figures 5.19-5.21) for each material in both the standard stem and press-fit 
stem models. In order to examine the effect of a tied contact on the stem extension the results 
were also plotted for the tied press-fit stem model. Results show that the cement carries the 
least amount o f load in all models which is not significantly affected (p < 0.05) by the 
inclusion o f a stem extension (tied or general contact conditions). Proximally the use o f the 
press-fit stem with general contact reduces the load taken by the cortical and cancellous bone 
a little (while increasing the load taken by the metal stem). The cortical and cancellous bone 
stresses are more significantly reduced with the use of the tied press-fit stem model 
(increasing the load taken by the metal further) as the load is transferred from the cortical 
bone to the stem (thus negatively affecting implant stability). Moving distally in the standard
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stem and press-fit contact models more load is taken by the cortical bone when compared 
with the metal stem. However this is not the case with the press fit tied model. The use o f a 
press-fit stem with tied contact is shown to have a stress-shielding effect on the cortical and 
cancellous bone which is not representative of what would occur internally. Thus it was 
decided to discontinue the analysis of this tied contact model and continue only with the more 
realistic press-fit stem with general contact. The use of a press-fit stem with tied contact is 
similar to that o f the contact conditions which would occur with the use o f a cemented stem 
extension. Thus it is possible that the use o f a cemented stem can have implications on load 
transfer and stress-shielding of distal bone. This result could be another reason for cemented 
stem extensions to be avoided in TKR surgery in favour of press-fit stem extensions.
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Figure 5.15 Stress distribution in the tibial tray showing main in-plane bending stresses.
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Figure 5.16 Stress distribution on the top surface of the tibial tray in the direction of load application
(S33).
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Figure 5.17 Stress transfer from the implant to the bone (in the direction of load transfer) for (a) TKR
and (b) TKR with stem extension models.
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Figure 5.18 Stress distribution in the direction of loading (i.e. S33) in the z-plane for (a) TKR and (b)
TKR with stem extension models.
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Figure 5.19 Load distribution along the z-axis in the standard stem model.
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Figure 5.20 Load distribution along the z-axis in the press-fit contact stem model.
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Figure 5.21 Load distribution along the z-axis in the press-fit tied stem model.
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5.3.3 Von-Mises Stress Distributions
5.3.3.1 Upper Cement
Tied areas were established along both sides o f the top cement layer (i.e. one side in contact 
with the prosthesis and the other in contact with the tibial proximal surface). Figure 5.22 
shows higher stress regions where the load passes through the top cement layer and passes 
into the stiffer cortical bone. Stresses are also particularly high where there is an overhang of 
the tibial tray/top cement layer over the resected bone surface. This highlights the importance 
o f reducing overhang during the TKR procedure. The maximum stress recorded in this bone 
cement layer was 5.439 MPa which is below that o f the endurance limit o f 12.5 MPa shown 
in Table 5.2. Comparison of von Mises stresses between the standard stem model and press- 
fit stem models show no significant difference.
5.3.3.2 Lower Cement
Relatively high stresses (~4 MPa) were also found at the base o f the lower cement layer (see 
Figure 5.23a) surrounding the stem of the prosthesis in the standard stem model compared 
with the remainder o f the cement layer where stresses were significantly lower (i.e. -0 .02-0 .5  
MPa). These stress distributions suggest the possibility o f localised overloading o f bone- 
cement and cement-prosthesis interfaces leading to the possibility o f loosening o f the 
prosthesis at these regions in the model (e.g. during impact loading etc.). In the press-fit stem 
model (see Figure 5.23b) these stresses were significantly reduced at the base o f the cement 
layer (-2-3 MPa). Stresses in this cement are lower due to the presence o f the longer stem in 
the press-fit stem model and are higher in this region due to the slight contraction o f the 
press-fit stem where it joins the standard stem.
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Figure 5.22 Overall von Mises stress distribution on the proximal side of the bone cement layer (i.e. the 
area in contact with the prosthesis) for (a) standard stem with exploded view of region of overhang and
(b) press-fit stem models.
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Figure 5.23 Von Mises stress distribution of the bone cement region surrounding the stem of the 
prosthesis for (a) standard stem and (b) press-fit stem models.
5.3.3.3 Tibial T ray and Stem
Figure 5.24 shows the von Mises stress distribution on the underside surface of the tibial tray 
and tibial stem. High stresses were found below the areas of load application, tibial flange
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and the base of the tibial stem. The maximum stress in the tibial tray and stem was 38.83 
MPa, which compares well with an endurance limit for Ti6A14V of 140 MPa for 10 million 
cycles (see Table 5.2). Much higher stresses were also noted in the upper stem area of the 
press-fit stem model when compared with corresponding regions of the standard stem model. 
This is also apparent when comparing the load transfer results of the standard and press-fit 
stems (see Figures 5.19 and 5.20). The lower stem extension has more freedom to move 
compared with the upper stem in the press-fit model. Also as the press-fit stem model has a 
longer moment arm it promotes higher bending in the stem. In the case of the standard stem 
model no part of the stem is free to move due to tied contact between the entire stem and the 
cement. This higher bending and inereased stresses in the stem may be a disadvantage of 
using a stem extension in TKR.
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Figure 5.24 Von Mises stress distribution of the prosthesis surface.
S.3.3.4 Bone Regions
Figure 5.25 shows the proximal tibial surface von Mises stress distribution in the tibial 
cancellous and cortical regions in the standard and press-fit stem models. Higher stress fields 
were observed on the lateral and medial sides of the proximal tibia surface in the cortical 
bone. This may be due to the fact that the load was applied more to the posterior side o f the 
bearing and these regions on the eortical rim are closest to this load application. The 
overhang o f the tibial tray is also evident in the lateral and medial regions (stresses o f -4 -6
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MPa) compared with the anterior regions (stresses < 0 . 5  MPa). Overall there appears 
evidence of stress-shielding in the cancellous bone shown by the low stress fields on the 
surface near the tibial cavity in both models. These lower stress fields (< 0.5 MPa) are due to 
the presence o f the prosthesis stem (with its higher modulus value) shielding the stress from 
the neighbouring regions. Stresses below 0.1 MPa are believed to indicate severe levels of 
bone resorption (Huiskes et al., 1989). Bone resorption in these low-stressed regions 
commonly occurs in clinical practice, particularly in the first 6 months following TKR.
Relatively high stresses (~2 MPa) in the standard stem model were found at the areas at the 
base of the tibial cavity (see Figure 5.25a and 5.26a) in the model pointing to evidence that 
the stress is been unevenly transferred to the underlying bone from the prosthesis. This 
indicates that the load is mainly transferred from the stem at the tip and not significantly 
through shear along the stem. Stresses at the base of the press-fit stem (see Figure 5.25b and 
5.26b) are relatively high due to the offloading of stresses from the proximal region to the 
distal region. Stresses are also higher in this region (evidence of overloading) due to the 
reduced cross-section of cancellous bone present when compared with more proximal 
regions. This may account for pain in this region commonly reported by patients after surgery 
(Bradley, 2009) and also the higher failure rate due to loosening o f press-fit stems compared 
with cemented stems (Whaley et al., 2003).
Stresses in the proximal end of the cancellous and cortical bone (i.e. resected surface) showed 
no significant difference between the standard stem and press-fit stem models. However the 
difference (stresses reduce in the press-fit stem model) in stress values between the two 
models increases moving distally (see Figure 5.27). Higher stress fields are found on the 
cortical shell thickness when compared with the underlying cancellous region (see Figures 
5.25 and 5.26) as expected due to the higher modulus value of cortical bone in parallel with 
the cancellous bone and the pressure being applied to the top surface o f the bone. Maximum 
stresses were far below those o f the ultimate strength values shown in Table 5.2 (i.e. 20 MPa 
for cancellous bone and 157 MPa for cortical bone).
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Figure 5.25 The von Mises stress distribution of the proximal tibial surface (cancellous and cortical 
regions) showing the contact areas and areas of load application for (a) standard stem and (b) press-fit
stem models.
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Figure 5.26 Von Mises stress profile of the cancellous bone of (a) the standard stem and (b) press-fit stem
models.
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Figure 5.27 Von Mises stress distribution of the cortical bone for (a) standard stem model and (b) press-
fit stem models.
In the cortical bone, stresses are mueh higher (-23 MPa) on the posterior side o f the bone 
(see Figure 5.28). This is beeause on the posterior side the compressive bending stresses 
reinforce the applied compressive load while on the anterior side the bending stresses are 
positive and hence reduce the applied compressive stress. These stress results compare 
favourably with similar results from research to determine maximum stresses in the tibia 
bone using different types of TKR model (e.g. PCL retaining vs. PCL sacrificing). Miyoshi et 
al. (2002) found maximum stresses of 14.8 MPa in the tibia for symmetric loading for a PCL- 
retaining TKR model. Figure 5.29 shows that regions of proximal caneellous bone in both 
models are susceptible to bone loss (i.e. stress value below the bone resorption threshold of 
0.1 MPa) due to stress shielding. Overall it appears that the press-fit stem, although it may 
reduce the stresses in the proximal bone, does not eontribute to any additional stress shielding 
(albeit to a small extent at the base of the tibial cavity). Therefore any loosening which does 
occur at the base of the tibial stem is most likely due to over-loading and the build-up of 
stress coneentrations.
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Figure 5.28 Von Mises stress distribution of tibia normal to the z-axis for the standard stem model.
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Figure 5.29 Von Mises stress distribution of the cancellous bone showing areas susceptible to bone loss 
(areas in black) due to stress shielding for (a) standard stem and (b) press-fit stem models.
5.3.4. Shear Stress Distributions
Shear stresses (lateral-medial direction S I3) in the top cement layer were of a maximum of
2.2 MPa which does not indicate any possibility of failure (see Figure 5.30). Shear stresses on 
the under-surface of this cement layer are shown to be in the direction of the tibial stem on 
both the lateral and medial sides (i.e. positive on the lateral and negative on the medial sides). 
Comparison o f shear stresses between the standard stem model and press-fit stem models 
show no significant difference.
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Figure 5.30 Shear stresses on the underside of the top cement layer for (a) standard stem and (b) press-fit
stem model.
5.4 Conclusion
The stresses produced by the models were within the maximum thresholds for compressive, 
tensile and shear strengths indicating good stability. The use of press-fit stems is likely to 
reduce the possibility of failure due to loosening in the prosthesis as it reduces the 
displacement of the prosthesis and micro-motions between the components. The press-fit 
stem has also been shown to reduce proximal stresses in the cancellous bone while not 
contributing to any excessive stress-shielding. These stresses are shown to be transferred 
along the long stem to the distal cancellous bone. Limitations associated with the above 
models (similar to that of the 2D studies) include the absence of ligament and muscle forces 
on the knee, the assumptions of homogenous and linear elasticity of the bone sections and the 
idealised bone geometry used for the study. The above chapter indicates that a standard stem 
is adequate in cases where patients do not display large degrees of proximal bone defects/loss 
when presented for TKR surgery and thus avoid additional bone removal during surgery.
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Chapter 6 
MB Tray TKR with Small Block Augments.
6.1 Introduction
This chapter outlines a 3D FE study of MBT TKR models with small block augments to treat 
moderate, uncontained AORI type-2 defects. No FE analysis of TKR with block augments 
has been reported in previous research. The block size used was of 10 mm depth. Both metal 
and cement blocks of this size were examined. The choice of whether to fill the defect with a 
metal block or a cement block is of critical importance in TKR surgery. These block 
augments were also modelled with both standard and press-fit stems to analyse the necessity 
of stem extensions with block augments.
6.2 Materials and Methods
6.2.1 Geometry Creation, Assembly and Loading/Boundary 
Conditions
The MBT TKR block augment models were created by modifying the non-defect model 
(described in Section 5.2) to incorporate the metal block (see Figure 6.1) to the medial 
underside of the tibial tray.
Figure 6.1 Small block.
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A cement layer of 1.5 mm (excluding pockets) to be placed under the block was created in a 
similar fashion to that of the top cement layer (see Section 5.2.1) by first creating pockets to 
fill the block underside. The base was then created by copying the flat base with an 
appropriate scale factor, joining the two parts (i.e. the original and copied parts using the 
C reate Wire: Point to Poin t and Create Surface commands) and merging it with the original 
flat base. Finally the pockets were merged with this new component (see Figure 6.2). The 
geometries of the block and block cement were used to make the cortical and cancellous bone 
cuts using the M erge/C ut operation in the A ssem bly module (see Figures 6.3 and 6.4). The 
block was first fitted to the underside o f the medial side of the tibial tray using the Coaxial 
and P ara llel F ace commands. The block cement layer was fitted to the underside o f the 
block. Both the block and the block cement components were chosen as the cutting instances 
in the M erge/C ut operation.
Pocket
Base
Figure 6.2 Block cement part.
Figure 6.3 Cancellous bone part after block cut.
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Figure 6.4 Cortical bone part after block cut.
The model was then reassembled with the cement layer placed under the block to affix it to 
the bone (see Figure 6.5). Material properties for the cement were similar to that o f the non- 
defect model (see Table 5.1). T14A16V material properties were applied to the metal block 
augment (i.e. same properties as that o f the tibial component) while PMMA material 
properties were applied to the block cement component (similar to that of the lower and top 
cement layers). All other components had the material properties listed in Table 5.1. The 
models discussed are hereby referred to as the small block standard stem metal (SBSM), 
press-fit metal (SBPM), standard stem cement (SBSC) and press-fit cement (SBPC) block 
models. Similar loading and boundary conditions were applied to the bearing component as 
in the previous non-defect model (see Figure 5.11). As the block is placed directly under the 
medial side of the tibial tray only the lateral half of the top cement layer was modelled and 
was attached to the lateral side o f the tibial tray (see Figure 6.6).
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Block Cement 
Block
Figure 6.5 Assembled TKR small block model with resulting mesh.
Small Block
Standard Stem
Lower Cement
(a)
Top Cement
Cortical Bone
Cancellous Bone
Block
Cement
Press-fit stem
Figure 6.6 Section cut of TKR small block model with (a) standard stem and (b) press-fit stem.
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6.2.2 Meshing and Interactions/Constraints
All elements used were quadratic solid tetrahedral elements. The numbers o f elements used in 
each part in each o f the four models are listed in Table 6.1. All other components had the 
same number o f elements as that which are listed in Section 5.2.3. Interactions and 
constraints were similar to that o f the non-defect models (see Section 5.2.3) for the lower 
cement, cancellous bone, cortical bone, top cement, standard and press-fit stems. The top 
surface o f the block component (metal or cement) was tied to the medial side o f the tibial tray 
while the bottom surface was tied to the cement layer (termed block cement layer). The 
bottom of the block cement layer was tied to the cancellous and cortical bone.
Table 6.1 Number of elements used in each small block model.
SBSM SBPM SBSC SBPC
Block (Metal or Cement) 16,005 16,005 30,292 30,292
Top Cement 5,029 5,(%9 5,029 5,029
Cancellous Bone 98,690 95,677 98,690 95,677
Cortical Bone 28,039 28,039 2&fG9 28^89
Lower Cement 22,788 21,979 22,788 21,979
Block Cement 7,137 7,137 7,137 7,137
6.3 Results and Discussion
6.3.1 Displacements and Deformed Model
As with the non-defect model (see Figure 5.13a) the displacement profile (see Figure 6.7a) of 
the TKR block profile was symmetric, with slightly larger displacements being observed on 
the non-augmented side o f the model. The maximum displacements o f the SBSM, SBPM, 
SBSC and SBPC models were 0.4091 mm, 0.2178 mm, 0.4067 mm and 0.2148 mm 
respectively. Displacements o f the cancellous bone were found not to be significantly 
different when comparing the cement block and metal block models. Similarly to the non­
defect model, when comparing the block model standard stem models and the block model 
press-fit stem models, displacements were significantly lower for the press-fit stem models 
(see Figure 6.7b). Displacements were again largely due to bending (i.e. U2) with some 
compression also occurring. The ratio of bending: compression (U2:U3) also followed a 
similar trend to the non-defect models. Ratios for the SBSM, SBPM, SBSC and SBPC 
models were 2.74:1, 1.7:1, 2.72:1 and 1.68:1 respectively. These displacement ratios were
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similar to that of the non-defect model (see Section 5.3.1). A similar coordinate system was 
created in all models to that of the non-defect models (see Section 5.3).
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Figure 6.7 Displacement profile o f MBT small metal block model with (a) standard stem and (b) press-fit
stem.
6.3.2 Normal Stress Distribution and Load Sharing
Figure 6.8 shows the stress transfer in the direction o f load application from the bearing 
through to the tibial tray, tibial stem, lower cement, block and block cement. Again more 
stress is transferred through the titanium components (i.e. stem and block) than the cancellous 
bone. Stresses were tensile in the block augment due to the nature of the block geometry. A 
small gap exists at the top of the augment which results in the block making contact at the 
peripheral edges only. Thus there is slight bending taking place in the centre o f the block. As 
the block is normally screwed into position in clinical practice (screws not modelled in this 
analysis), this bending may be less in vivo. Figure 6.8 shows that the inclusion o f the metal 
block reduces the stress in the tibial stem when compared with the cement block.
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Figure 6.8 Stress transfer from the implants to the bone in small (a) SBSM, (b) SBPM, (c) SBSC and (d)
SBPC models.
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In order to analyse the load transfer to the different materials and the effect of the use of 
cement to fill the defect on the load transfer, the load transfer were once again plotted at 4 
mm increments along the length of the models (beginning at the proximal bone cut). This was 
done for all four models (see Figures 6,9 and 6.10). Again no significant differences were 
noted in the cement layer load values in all models. Similar trends to that of the non-defect 
model proximally were found for the cement and metal block models when comparing 
standard and press-fit stems. The SBPM and SBPC models reduced the load carried by the 
cortical (not significantly) and cancellous bone (significantly) while increasing significantly 
the load carried by the stem. When comparing the SBSM model with the SBSC model it can 
be seen that the load taken by the metal block is significantly larger (p < 0.05) compared with 
the cement block. This is to be expected due to the lower elastic modulus value o f the cement 
material. The loads taken by the cortical bone, cancellous bone and stem component were 
also higher but not significantly in the SBSM model. Thus it is apparent that the use of 
cement to fill small peripheral defects has only minor effects on cancellous and cortical bone 
load sharing.
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Figure 6.9 Load distribution along the z-axis for each material in the SBSM and SBSC models
126
Chapter 6 MB Tray TKR with Small Block Augments
1 6 0 0
1 4 0 0
1 2 0 0
1000 I*--*
8 0 0
6 0 0
4 0 0
"A A A ""A A A A A'200
0
0 8 1 6  2 4  3 2  4 0  4 8  5 6  6 4  7 2  8 0  8 8  9 6  1 0 4  1 1 2  1 2 0  1 2 8
Distance From Proximal Cut (m m )
■ S B P M - C o r l i c o l
• S B P M - B l o c k
S B P C - C c m c n l
■ S B P M - C o n c c l l o u s '
• S B P C - C o r l i c a l
‘S B P C - B lo c k
• S B P M - S l o m
■ S B P C - C o n c c l l o u s
• S B P M - C c m c n t .
■ S B P C -S lo n i
Figure 6.10 Load distribution along the z-axis for each material in the SBPM and SBPC models.
6.3.3 Von-Mises Stress Distributions
Figure 6.11 shows the von Mises stress distribution for the metal and cement blocks. For the 
metal block the stresses (max. 113.7 MPa) do not exceed those of the endurance limit o f the 
titanium alloy used (i.e. 140 MPa for 10 million cycles). For the cement block maximum 
stresses do exceed those of the endurance limit of cement (i.e. 12.5 MPa for 10 million 
cycles). However this only occurs in a small region on the upper surface in contact with the 
metal tray and is most likely due to the sharp geometry on the upper surface o f the block. It is 
clear that the metal block augments are more highly stressed than their corresponding cement 
block augments. The stem extension does not have any significant effect on the stresses in the 
block.
The bone stresses in the non-augmented side are similar when comparing the cement and 
block models (i.e. SBSM vs. SBSC and SBPM vs. SBPC - see Figure 6.12). Figure 6.13 
shows that more bone resorption is likely to take place (i.e. lower stresses) on the augmented 
surface in the cement augment models. However stresses in the cancellous bone adjacent to 
the augment cuts (Region A) in the cement block models are approximately double that o f the 
corresponding regions in the metal block models (see Figure 6.14). Moving distally
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cancellous bone stresses are higher in the cement block model. This difference in stresses 
becomes less significant approaching the base of the stem. However these differences are not 
large enough to cause any larger bone resorption regions in the cancellous bone. Thus metal 
block augments appear to be superior to cement block augments in terms o f lower cancellous 
bone stresses without any additional bone resorption. This same trend occurs for the both the 
standard and press-fit stem models. The use of a press-fit stem does not cause any 
significantly greater bone resorption in the proximal bone (similar to results from the non­
defect model), nor does it cause any significant reduction in stresses immediately distal o f the 
block augment. Therefore it is recommended that press-fit stems are not necessary for 
treating small defects (< 10 mm) in surgical practice.
The use of metal block augments to treat defects have shown better clinical survivorship rates 
in TKR compared to those treated with cement block augments (see Section 2.3.4). This may 
be due to the higher cancellous bone stresses produced proximally by the use of the cement 
blocks which may cause instability and early failure. These findings also confirm results from 
previous 2D studies (see Chapter 3).
S, Mises
.—  -l,137e+02
K+i.OOOe+01‘«.3?Se+00
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Figure 6.11 Von Mises stress distribution of tbe small block for (a) SBSM (b) SBPM (c) SBSC and (d)
SBPC models.
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Figure 6.12 Von Mises stress distribution of the cancellous and cortical bone for (a) SBSM (b) SBPM (c)
SBSC and (d) SBPC models.
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Figure 6.13 Von Mises stress distribution of tbe cancellous and cortical bone for (a) SBSM (b) SBPM (c)
SBSC and (d) SBPC models.
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Figure 6.14 Von Mises stress distribution of the cancellous and cortical bone for (a) SBSM (b) SBPM (c)
SBSC and (d) SBPC models.
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6.3.4 Shear Stress Distributions
Maximum shear stresses in the block cement were approximately 1.8 MPa (in the SBSM 
model away from the tibial stem). Overall stresses in the block cement layer (Figure 6.15) for 
all four models were in the direction of the tibial stem. Some shear in the opposite direction 
exists at the periphery of the cement layer in all models where the overhang exists. The use of 
a stem extension resulted in marginally higher shear stresses in the metal block model 
particularly in the regions adjacent to the stem (Region B in Figure 6.15). This is a possible 
reason against the usage of stem extensions when treating defects with small blocks. In the 
ease of the cement block models there was a change in the direction of the shear adjacent to 
the stem.
S. 51 3  (C S Y S -l;
CAvg- 75 % )
B+ 9 .3236-01 4-O.OOOe+OO - l.5 5 6 e -0 1
-4 .6674-01
I■ I 1.345̂ +00 
1■- 1711̂  + 00 ■Ü. l.Br:7«,4.00
Figure 6.15 Cement shear stresses on the underside of the block cement layer for (a) SBSM (b) SBPM (c)
SBSC and (d) SBPC models.
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6.4 Conclusions
The use o f stem extensions (press-fit stems) in conjunction with small defects may be an 
over-conservative approach in revision TKR surgery. The above models contained defects on 
the medial side only. It is recommended that in cases where defects are less than 10 mm on 
one side only that a standard stem is adequate. The use o f cement to fill proximal defects of 
10 mm is not considered to be suitable as stresses carried by the cement block exceed those 
o f the fatigue limit. This is likely to lead to instability on the medial side o f the tibial tray. 
Metal augments are also considered superior to that o f cement augments as they reduce 
proximal bone stresses (but not to a degree o f causing regions o f additional bone resorption).
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Chapter 7 
MB Tray TKR with Large Block Augments.
7.1 Introduction
This chapter outlines a 3D FE study of MBT TKR models with a large block augments to 
treat moderate, uncontained AORl type-2 defects. The block size used was o f 15 mm and 
both metal and cement blocks of this size were examined. These large block augments were 
also modelled with both standard and press-fit stems to analyse the necessity of stem 
extensions with block augments.
7.2 Materials and Methods
7.2.1 Geometry Creation, Assembly and Loading/Boundary Conditions
The MBT TKR large block augment models were created by modifying the non-defect model
(described in Section 5.2) to incorporate the metal block (see Figure 7.1) to the medial 
underside o f the tibial tray similarly to that of the small block model described in chapter 6.
Figure 7.1 Large block.
The cement layer for the underside of the block was the same as that of the small block model 
as the dimensions o f the underside are the same in both block sizes. The geometries o f the
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bloek and bloek eement were again used to make the cortical and cancellous bone cuts using 
the M erge/C ut operation in the Assem bly module (see Figures 1 2  and 7.3).
Figure 7.2 Cancellous bone part after block cut.
Figure 7.3 Cortical bone part after block cut.
The model was then reassembled with the cement layer placed under the block to affix it to 
the bone (see Figure 7.4). Material properties for all parts as well as loading and boundary 
conditions were again the same as those of the small bloek model. The models are hereby 
referred to as the large bloek standard stem metal (LBSM), press-fit metal (LBPM), standard 
stem eement (LBSC) and press-fit cement (LBPC) bloek models.
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Block Cement 
Block
Figure 7.4 Assembled TKR small block model with resulting mesh.
7.2.2 Meshing and Interactions/Constraints
All elements used were quadratic solid tetrahedral elements. The numbers o f elements used in 
some of the parts in each of the four models are listed in Table 7.1. All other components had 
the same number of elements as that of the small block models. Interactions and constraints 
were similar to that of the small block model (see Section 6.2.2) for all parts.
LBSM LBPM LBSC LBPC
Block (Metal or Cement) 15,186 15,186 33J83 33J#3
Cancellous Bone 96,359 92,013 96,359 92,013
Cortical Bone 27,189 27,189 27J89 27J89
Lower Cement 22,909 21,964 22,909 2L.964
7.3 Results and Discussion
7.3.1 Displacements and Deformed Model
The maximum displacements of the LBSM, LBPM, LBSC and LBPC models were 0.4098 
mm, 0.2187 mm, 0.4066 mm and 0.2148 mm respectively. Displacements o f the cancellous 
bone were found not to be significantly different when comparing the cement block and metal 
block models. Similarly to the non-defect model, when comparing the block model standard 
stem models and the block model press-fit stem models displacements were significantly
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lower for the press-fit stem models (see Figure 7.5). Displacements were again largely due to 
bending (i.e. U2) with some compression also occurring. The ratio of bending: compression 
also followed a similar trend for the non-defect models. Ratios for the LBSM, LBPM, LBSC 
and LBPC models were 2.75:1, 1.71:1, 2.72:1 and 1.68:1 respectively. The displacement 
profiles were also quite similar to that of the small block models described in Chapter 6. A 
similar coordinate system was created in all models to that of the non-defect models (see 
Section 5.3).
U,  M agn itud e  
+ 4 .0 9 8 e - 0 1  
+ 2 .1 7 8 e - 0 1  
+ 1 .9 9 7 e -0 1  
+ 1 .8 1 5 e - 0 1  
+ 1 .6 3 4 e - 0 1  
+ 1 .4 5 2 e -0 1  
+ 1 ,2 7 0 6 -0 1  
+ 1 .0 8 9 e - 0 1  
+9.0758-02 
+ 7 ,2 6 0 e - 0 2  
+ 5 ,4 4 5 e - 0 2  
+ 3 ,6 3 D e -0 2  
+ 1 .8 1 5 6 -0 2  
+ D .0 0 0 e + 0 0
(a) (b)
Figure 7.5 Displacement profile of the (a) LBSM and (b) LBPM models.
7.3.2 Normal Stress Distribution and Load Sharing
Figure 7.6 shows the stress transfer in the direction of load application from the bearing 
through to the tibial tray, tibial stem, lower cement, block and block cement. Again more 
stress is transferred through the titanium components (i.e. stem and block) than the cancellous 
bone. Stresses were (similarly to the small block models) tensile in the block augment due to 
the nature of the block geometry. This tension is significantly less in the cement block 
models. The inclusion of the cement block once again increases the stresses in the tibial stem
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on the medial side when compared with the metal bloek models to a higher degree compared 
to that of the small block models.
S, S33 (CSYS-1) 
(Avg: 75%)
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-3.5006+00 
-4.0006+00 
-4 5006+00 
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-5,5006+00 
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(d)
Figure 7.6 Stress transfer from the implants to the bone in small (a) LBSM, (b) LBPM, (c) LBSC and (d)
LBPC models.
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The load transfer results (see Figures 7.7 and 7.8) showed similar trends to that of the small 
bloek models. No significant differences were noted between the small block model values 
for each of the parts and that of the large block model.
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Figure 7.7 Load distribution along the z-axis for each material in the LBSM and LBSC models.
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Figure 7.8 Load distribution along the z-axis for each material in the LBPM and LBPC models.
7.3.3 Von-Mises Stress Distributions
Figure 7.9 shows the von Mises stress distribution for the metal and cement blocks. For the 
metal block the stresses (max. 150.2 MPa) exceed those o f the endurance limit of the titanium 
alloy used (i.e. 140 MPa for 10 million cycles). For the cement block maximum stresses (i.e. 
22.9 MPa) largely exceed those of the endurance limit of cement (i.e. 12.5 MPa for 10 
million cycles) to an even higher degree than that of the small block model. However again 
this only occurs in a small region on the upper surface in contact with the metal tray and is 
most likely due to the sharp geometry on the upper surface of the block. As was the case with 
small block models the large metal block augments are more highly stressed than their 
corresponding cement block augments. The stem extension does not have any significant 
effect on the stresses on the bloek components.
The bone stresses in the non-augmented side are similar when comparing the cement and 
block models (i.e. LBSM vs. LBSC and LBPM vs. LBPC - see Figures 7.10 and 7.12). Figure
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7.11 shows that more bone resorption takes place on the augmented surface in the eement 
augment models. However, moving distally cancellous bone stresses are higher in the cement 
bloek model (see Figure 7.12). However these differences are not large enough to cause any 
extra cancellous bone resorption in the metal augment model as stress values remain largely 
above the bone resorption threshold value. This difference in stresses between the two models 
becomes less significant approaching the base of the stem. This same trend occurs for both 
the standard and press-fit stem models. The use of a press-fit stem reduces proximal bone 
stresses but does not cause any significantly greater bone resorption in the proximal bone 
(similar to results from the non-defect and small block models) as once again stresses remain 
above the bone resorption threshold value. Therefore it is recommended that press-fit stems 
are not necessary for treating defects which are less than 15 mm in surgical practice.
(Avg 75%)1 5CI2Ç+02
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Figure 7.9 Von Mises stress distribution of the small block for (a) LBSM (b) LBPM (c) LBSC and (d)
LBPC models.
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Figure 7.10 Von Mises stress distribution of the cancellous and cortical bone for (a) LBSM (b) LBPM (c)
LBSC and (d) LBPC models.
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Figure 7.11 Von Mises stress distribution of the cancellous and cortical bone for (a) LBSM (b) LBPM (c)
LBSC and (d) LBPC models.
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(d)
Figure 7.12 Von Mises stress distribution of the cancellous and cortical bone for (a) LBSM (b) LBPM (c)
LBSC and (d) LBPC models.
7.3.4 Shear Stress Distributions
Overall shear stress values in the block cement layers were lower compared to that o f the 
small block models (see Figure 6.15). Maximum shear stresses in the block cement were 1.56 
MPa. Stress patterns in the block eement layer (Figure 7.13) for all four models were similar 
to trends seen in the small block models.
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Figure 7.13 Cement shear stresses on the underside of the block cement layer for (a) LBSM (b) LBPM (c)
LBSC and (d) LBPC models.
7.4 Conclusions
The use of stem extensions (press-fit stems) in conjunction with uncontained type-2 proximal 
defects may be an over-conservative approach in revision TKR surgery. The above models 
contained defects on the medial side only. It is recommended that in cases where defects are 
less than 15 mm on one side only that a standard stem is adequate. Metal augments are also 
considered superior to that of cement augments as they reduce proximal bone stresses (but 
not to a degree of causing larger regions of bone resorption). In clinical practice it is possible 
that a patient may present with additional defects such as central defects at the time of
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surgery. Thus the results presented above may not be sufficient for all patients receiving a 
block augment. Patient-specific FE models treated with block augments would be necessary 
to establish if  a stem extension is necessary in these cases.
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Chapter 8 
MB Tray TKR with Conical Augments
8.1 Introduction
This chapter outlines a 3D FE study o f MB tray TKR models with conical augments to treat 
contained AORI severe type-2 and type-3 defects. Clinical studies concerning conical 
augments have only been carried out in conjunction with stem extensions (both cemented and 
press-fit). No FE analysis o f TKR with conical augments has been reported in previous 
research. Two conical augments o f different sizes were examined in this study and these were 
modelled with both standard and press-fit stems to again analyse the necessity o f stem 
extensions with conical augments.
8.2 Materials and Methods
8.2.1 Geometry Creation, Assembly and Loading/Boundary Conditions
The MBT revision model was expanded to incorporate the conical augment o f two sizes i.e.
the small (see Figure 8.1a) and the large (see Figure 8.1b) conical augment. Operations 
follow a similar approach to that o f Chapter 5. The geometry o f the augment was used to 
make the cut using the M erge/C ut command in the A ssem bly module. A cement component 
was then created to fill the internal gap between the augment and prosthesis stem (see Figure 
8.2). No cement was placed between the augment and the cancellous bone cut in accordance 
with common surgical procedure (Bradley, 2009). Hence the conical augment is press-fit in 
position. The models are hereby referred to as the small conical standard stem (SCS), small 
conical press-fit (SCP), large conical standard stem (ECS) and large conical press-fit (LCP) 
models. TÎ4A16V material properties were applied to the conical augment while PMMA 
material properties were applied to the conical cement component. Material properties for 
these and other components are listed in Table 5.1. Similar loading and boundary conditions 
were applied to the bearing component as in the previous non-defect model (see Figure 5.11).
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(a) (b)
Figure 8.1 (a) Small and (b) Large conical augments.
__
Conical Cement
Conical Augment
(b)
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(d)
Figure 8.2 Section cut of (a) SCS, (b) SCP, (c) LCS and (d) LCP TKR models.
8.2.2 Meshing and Interactions/Constraints
All elements used were quadratic solid tetrahedral elements. The numbers o f elements used in 
some of the parts in each of the four models are listed in Table 8.1. All other components had 
the same number of elements as that which are listed in Section 5.2.3. Interactions and 
constraints were similar to that of the non-defect models (see Section 5.2.3) for the bearing, 
cancellous bone, cortical bone, top cement, standard and press-fit stems. The outer surface of 
the conical augment was tied to the cancellous bone cut surface while the outside and inside 
surfaces o f the conical cement were tied to the inside surface of the conical augment and the 
metal stem respectively.
SCS SCP LCS LCP
Conical Augment 4,296 4,296 (&J36 c\736
Conical Cement 2,800 2,800 3,622 3,622
Cancellous Bone 99,889 97,696 96,723 95,056
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8.3 Results and Discussion
8.3.1 Displacements and Deformed Model
The maximum displacements of the SCS, SCP, LCS and LCP models were 0.4091 mm,
0.2106 mm, 0.4061 mm and 0.2013 mm respectively. Again the displacements are largely 
due to anterior-posterior bending (i.e. U2) with some compression also present (i.e. U3). 
Ratios for U2:U3 for the SCS, SCP, LCS and LCP models were 2.73:1, 1.64:1, 2.73:1 and
1.56:1 respectively. It is interesting that the large augment makes little difference to the 
maximum displacement and the U2:U3 ratio. Displacements are reduced with the inclusion of 
a stem extension (see Figure 8.3). A similar coordinate system was created in all models to 
that of the non-defect models (see Section 5.3) and the results are presented in this system.
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Figure 8.3 Displacement profile of MBT large conical model with (a) standard stem and (b) press-fit stem.
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8.3.2 Normal Stress Distribution and Load Sharing
Axial stresses were largely compressive throughout the models (see Figure 8.4) with some 
tensile stresses in the cancellous bone under the augment (particularly in the LCS and LCP 
models). Highest compressive stresses were obtained in the tibial stem and conical augment 
proximally and in the cortical bone distally. The conical augment in the SCS and LCS models 
reduces significantly the loading taken by the tibial stem (to a much greater extent in the LCS 
model) when compared with the non-defect model (see Figure 5.17) and the block augment 
models (see Figures 6.8 and 7.6). Stresses were again high in the cancellous bone region 
below the tibial stem in all four models.
When analysing the load sharing (see Figures 8.5 and 8.6) by each o f the parts using the FBD 
models it was found that there was no significant difference in load sharing in the cortical 
bone and conical cement for all four models. The loading taken by the cancellous bone is 
significantly reduced by the large conical augment compared with the small conical augment. 
The use o f a press-fit stem reduces the load (compared with that o f the standard stem model) 
taken by the cancellous bone proximally in both the small and large conical models 
(particularly in the region close to the original tibial stem i.e. 60 mm from resection cut), 
however only significantly in the large conical model. Significantly more load is taken by the 
conical augment in the LCS model compared with the SCS model while the use o f a stem 
extension does not affect the load taken by the conical augment proximally in either model. 
The use o f a stem extension significantly increased the load taken by the proximal stem in the 
SCS model only. This is most likely due to the larger conical augment sharing the increased 
load taken by the proximal stem.
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Figure 8.4 Stress transfer from the implants to the bone in small (a) SCS, (b) SCP, (c) LCS and (d) LCP
models.
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Figure 8.5 Load distribution along the z-axis in the SCS and LCS models.
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Figure 8.6 Load distribution along the z-axis in the SCP and LCP models.
153
Chapter 8 MB Tray TKR with Conical Augments
8.3.3 Von-Mises Stress Distributions
Figure 8.7 shows the von Mises stress distribution for the small and large conical augments. 
The stresses (max. 58.18 MPa) do not exceed those o f the endurance limit o f the titanium 
alloy used (i.e. 140 MPa for 10 million cycles). High stress concentrations were found at the 
base o f the augment in the SCP and LCP models. This is probably due to the additional 
bending moment that the stem extension imposes on the stem (and hence the augment). This 
was also noted in previous chapters. The usage of stem extensions in conjunction with 
conical augments does little to affect proximal bone stresses (Figure 8.8) on the bone cut 
surface immediately below the tibial tray. Moving distally the stem extension significantly 
reduces the stresses in the cancellous bone particularly in the regions close to the sharp edges 
o f the augment/bone junction (see region A in Figure 8.10a) and stem tip where high stress 
concentrations are evident. These interface stress concentrations are larger in the LCS model 
(maximum -1.15 MPa). As the only clinical studies (detailed in Section 2.3.4) on the use o f 
conical augments in TKR have been preformed with the use o f stem extensions with good 
short term results (i.e. no loosening or migration o f the conical augment) it is possible that the 
stem extensions are necessary to ensure stability. Figure 8.9 shows that the stem extension 
does not induce more bone resorption in the proximal tibia.
The use o f a conical augment is shown to apply stresses more to the bone moving distally 
compared with the non-defect model (in which stresses were applied more from the stem at 
the tip - see Figure 5.26). This is due to the “stepped” geometry o f the conical augment where 
stresses are applied in compression at the base of the “steps”. This is likely to reduce stress 
shielding in the proximal bone. However when comparing stresses in the cancellous bone at 
the base o f the tibial cavity (see Figure 8.10), stresses in the SCS and LCS models were 
found to be significantly greater (>2.5 MPa) than that o f the non-defect model (<2.5 MPa). 
This is likely to be due to the stresses moving from the larger metal region (augment and 
stem) proximally to the narrower stem tip distally. This points to further evidence that stem 
extensions may be necessary with the use o f conical augments. The use o f the stem extension 
in both models significantly reduces these stresses in the cancellous bone (<2 MPa). The LCS 
model shows higher stresses in the proximal cancellous bone when compared to those o f the 
SCS model. This is likely due to the fact that there is less cancellous bone present proximally 
in the LCS model compared with the SCS model and hence less bone to carry the load (see 
Figure 8.10).
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Examination of the conical cement stress values show that in all four models the fatigue 
strength value o f cement (i.e. 12.5 MPa) was exceeded (see Figure 8.11). These cement 
stresses in the large conical augment models are higher than those of the small conical 
augment models. This is highly likely due to the fact that the part is highly compressed 
between two metal components (i.e. conical augment and tibial stem). The region of highest 
stresses occurs where contact between the tibial flanges and the cement occurs. These stresses 
are exceeded further when a stem extension is introduced. It is recommended that PMMA 
bone cement is not used to affix the conical augment to the tibial stem. Other clinical studies 
have used morselised bone chips to fill this gap with no reports of failure. Thus this may be a 
more appropriate option to maintain fixation of the component.
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Figure 8.7 Von Mises stress distribution of the conical augment used for (a) SCS (b) SCP (c) LCS and (d)
LCP models.
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Figure 8.8 Von Mises stress distribution of the cancellous and cortical bone for (a) SCS (b) SCP (c) LCS
and (d) LCP models.
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3
Figure 8.9 Von Mises stress distribution of the cancellous and cortical bone for (a) SCS (b) SCP (c) LCS
and (d) LCP models.
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Figure 8.10 Von Mises stress distribution of the cancellous and cortical bone for (a) SCS (b) SCP (c) LCS
and (d) LCP models.
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Figure 8.11 Von Mises stress distribution of the cancellous and cortical bone for (a) SCS (b) LCS models.
8.4 Conclusions
Due to the nature of the geometry of eonical augments, their usage in TKR has been shown to 
produce high stress concentrations at the bone/augment interfaces and stem tip in the above 
FE study. There is evidence that the inclusion of press-fit stem extensions has the capability 
to reduce these stress concentrations and thus reduce the possibility of failure due to
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loosening/migration with the proximal stresses immediately below the tibial tray unaffected. 
Thus it is recommended that press-fit stems should be used in treating severe type-2 and type- 
3 defects with conical augments.
Stresses at the very proximal regions (i.e. near to the initial bone resection) are unaffected by 
stem extensions as was found in previous chapters. Smaller conical augments are also 
recommended (however may not be always feasible depending on defect size) where possible 
as these produce lower stress concentrations in the proximal cancellous bone and in the 
conical cement. Alternatives to the use o f cement to affix the conical augment to the stem 
should also be explored in future work due to the excessively high stresses produced in the 
cement in both augment models.
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Chapter 9 
Treatment of Uncontained Defects and Variable 
Loading.
9.1 Introduction
This chapter outlines a 3D FE study of MET TKR models with a conical augment to treat 
uncontained AORI type-2 and type-3 defects. This is an alternative treatment option to that o f 
a large block augment as detailed in Chapter 7. It is likely that in the case o f a revision TKR 
that the patient will present with central defects (particularly after removal o f the failed 
prosthesis) in addition to peripheral defects. Thus it is probably more viable to use a conical 
augment to treat such cases. In addition, the effect of variable condyle loading was examined 
(80% medial, 20% lateral). It is necessary to determine if  TKR defect treatment devices are 
capable o f withstanding extreme loading conditions which can occur in certain everyday 
activities. Previous studies (Taylor et al., 1998) have shown an increase o f 42% in implant 
failure risk when unicondylar (i.e. 100% load applied to the medial condyle) loading is 
applied to a metal prosthesis. These models included both standard and press-fit stems to 
analyse the necessity of stem extensions in conjunction with these devices.
9.2 Materials and Methods
9.2.1 Geometry Creation, Assembly and Loading/Boundary Conditions
The MB tray TKR conical uncontained augment model was created by modifying the large
block model (described in Section 7.2) by firstly removing the large block and block cement 
from the assembly. The conical augment was then placed in position in a similar manner to 
that o f Section 8.2.1 and the cancellous bone cut was made (Figure 9.1). This results in no 
bone support o f the tibial tray on the medial side. The conical cement was also placed in 
position between the conical augment and tibial stem. The models are hereby referred to as 
the large conical symmetric loading standard stem (LCSS), large conical symmetric loading 
press-fit stem (LCSP), large conical asymmetric loading standard stem (EGAS), and large 
conical asymmetric loading press-fit stem (LCAP) models. Loading and boundary conditions
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were applied similar to those of Seetion 5.2.4 in the ease of the LCSS and LCSP models. In 
the ease of the LCAS and LCAP models 80% of the load was applied to the medial eondyle 
(i.e. defeet side) and 20% to the lateral eondyle.
Jneontained defect
(b)
Figure 9.1 Section cut of uncontained defect conical model (a) with and (b) without a stem extension.
9.2.2 Meshing and Interactions/Constraints
All elements used were quadratie solid tetrahedral elements. The numbers of elements in the 
cancellous and cortical bone parts are listed in Table 9.1. The eonical augment and conical 
cement eomponents had the same number of elements as those shown in Table 8.1 while the 
bearing, tibial tray and stems had the same number of elements as those detailed in Section 
5.2.3. Interactions and constraints were similar to those of the large conical model (see 
Seetion 8.2.2) for all parts.
161
Chapter 9 Treatment o f Uncontained Defects and Variable Loading
Table 9.1 Number of elements used in the models.
Standard Press-fit
Cancellous Bone 85,773 83,751
Cortical Bone 27,189 27,189
9.3 Results and Discussion
9.3.1 Displacements and Deformed Model
The maximum displacements o f the LCSS, LCSP, LCAS and LCAP models were 0.4017 
mm, 0.2285 mm, 1.36647 mm and 1.32985 mm respectively. Displacements were largely due 
to bending in the sagittal plane with some compression also occurring in the case o f the LCSS 
and LCSP models (see Figure 9.3). However in the case o f the LCAS and LCAP models 
bending occurred mainly in the U1 direction (i.e. frontal plane). This was due to the majority 
o f the loading been applied to the medial condyle and thus bending occurring in the medial 
direction. Also displacements in the U1 direction in these models were in the opposite 
direction to that o f the LCSS and LCSP models. Ratios for bending : compression (i.e. 
U2:U3) for the LCSS and LCSP models were 2.65:1 and 1.62:1 respectively. A similar 
coordinate system was created in all models to that o f the non-defect models (shown again in 
Figure 9.2). Displacements for the asymmetric models are two times higher than those quoted 
in the non-defect models (see Seetion 5.3.1) and thus rendering these models possibly 
unstable. Also as the stem extension does not reduce the displacement to the same degree as 
other models detailed in previous chapters, its inclusion in the asymmetric loading model 
does not appear likely to improve the model’s stability.
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s S ï ï
Figure 9.2 Tibial tray in wireframe mode showing custom coordinate system.
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Figure 9.3 Displacement profile of the uneontained (a) LCSS (b) LCSP (c) LCAS and (d) LCAP models.
9.3.2 Normal Stress Distribution and Load Sharing
Figure 9.4 shows the stress transfer in the direetion of load applieation from the bearing 
through to the tibial tray, tibial stem, eonieal augment and eement for all four models. It is 
evident that the presence of the uneontained defect in bone being treated with a eonical 
augment has a large impact on resulting stresses when compared with that o f a contained 
defect been treated with a eonieal augment (see Figure 8.4). Again more stress is transferred 
through the titanium eomponents (i.e. stem and eonical augment) than the cancellous bone. 
High stresses in the proximal stem are evident particularly on the medial side which are 
significantly larger when compared with the contained augment models. Tensile stresses on 
the medial side of the tibial tray are also present in all models due to its lack o f supporting 
bone. In the asymmetric models bending in the medial direction is evident with high 
compressive stresses in the medial side of the eonieal augment, eonieal eement and tibial 
stem and high tensile stresses in the lateral side.
The load transfer values (see Figures 9.5 and 9.6) show that the asymmetric load significantly 
reduces the load taken by the cancellous and cortical bone while increasing the load taken in 
the stem and eonical augment in the proximal regions. However, moving distally this 
significance becomes less. The inclusion of the stem extension did not significantly affect the 
load taken by any of the eomponents in either model. This is in contrast to the non-defeet
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model whieh showed that the stem extension reduces the load taken by the cancellous and 
cortical bone (albeit to a small extent).
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Figure 9.4 Stress transfer from the implants to the bone in the (a) LCSS, (b) LCSP, (e) LCAS and (d)
LCAP models.
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Figure 9.5 Load distribution along the z-axis for each material in the LCSS and LCAS models.
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Figure 9.6 Load distribution along the z-axis for each material in the LCSP and LCAP models.
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9.3.3 Von-Mises Stress Distributions
High cancellous bone stress regions were noted at the rim of the conical augment and the 
cancellous bone (region A in Figure 9.7) on both the lateral and medial side o f the conieal 
augment similarly to that in the contained defect conical models. In the symmetric loading 
models these high stresses (i.e. >3.5 MPa) were more prominent on the lateral side rim while 
in the asymmetric loading models the high stresses were more evident of the medial side rim. 
The stem extension significantly reduced these stresses on both sides in the case of all four 
models. The stem extension was shown not to induce any additional bone resorption (see 
Figure 9.8) in any of the models except for a small region on the resected defect surface of 
the LCSP model.
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Figure 9.7 Von Mises stress distribution of the cancellous and cortical bone for (a) LCSS (b) LCSP (c)
LCAS and (d) LCAP models.
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Additionally high cancellous bone stresses were found at the base o f the tibial stem in the 
LCSS and LCAS models. These stresses were significantly reduced with the inclusion o f the 
stem extension. Introducing asymmetric loading was shown to have no effect on these 
stresses. Figure 9.9 shows high cancellous bone stresses (similarly to those reported in 
Chapter 8) at the junction o f the conical augment and the cancellous bone particularly on the 
medial side. These stresses are higher in the case o f the asymmetric loading models. The stem 
extension again significantly reduces these stresses. In comparison with the contained conical 
augment detailed in Chapter 8 no significant differences were found between cancellous bone 
stress fields at the base of the tibial stem on the lateral side. On the medial side, however 
cancellous bone stresses were found to be significantly higher particularly at the augment- 
bone junction compared with the contained defect models. Maximum stresses were 
approximately double that of the non-defect models (see Figure 5.26).
Treatment of an uneontained defect with a large conical augment compared to that o f a large 
block augment (as detailed in Chapter 7) is also o f interest in this study. Comparison o f the 
LCSS and LBSM models (see Figure 9.10) show significantly higher stresses in the case of 
the LCSS at the base o f the tibial stem compared with the LBSM. Additionally more bone 
resorption on the flat cut medial defect surface is evident in the case of the LCSS model. 
Thus it is recommended that a conical augment should only be used when there is large 
internal cancellous bone defect in addition to a peripheral defect. When the defect is 
peripheral only a block augment is considered sufficient.
O f primary concern in this part o f the study are the stresses in the tibial tray and stem. In all 
four models the fatigue strength of Ti4A16V (140 MPa @ 1 0 ^  cycles) is exceeded. The 
inclusion o f a stem extension does little to reduce these high stresses (see Figure 9.11). This 
area o f considerably high stress occurs on the medial flange o f the tibial tray in all four 
models. This was not the case with the large conical augment detailed in Chapter 8 and large 
block augment models detailed in Chapter 7. The yield strengths however are not exceeded. It 
is recommended that a conical augment should only be used to treat an uneontained defect in 
the case of a low-demand patient (i.e. one which would undertake considerably less than 10  ̂
cycles per year). Also stresses in the conical cement exceeded the yield strength values 
similarly to that which is described in Section 8.3.3. These results also highlight the 
importance of reducing tibial tray overhang in TKR surgery.
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Stresses in the conical augment (see Figure 9.12) also show very high stresses on the medial 
side of the augment at the region which makes contact with the conical cement and tibial 
flange. Stresses are highest in the LCAS model (maximum 105.7 MPa) and are reduced 
marginally with the inclusion of the tibial stem. Stresses are also significantly larger 
compared to those of the contained defect models detailed in Chapter 8.
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Figure 9.8 Von Mises stress distribution of the cancellous bone for (a) LCSS (b) LCSP (c) LCAS and (d)
LCAP models.
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Figure 9.9 Von Mises stress distribution of the cancellous and cortical bone for (a) LCSS (b) LCSP (c)
LCAS and (d) LCAP models.
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Figure 9.10 Von Mises stress distribution of the caneellous bone for (a) LCSS and (b) LBSM models.
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Figure 9.11 Von Mises stress distribution of the titanium tray and stem for (a) LCSS and (b) LCSP
models.
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Figure 9.12 Von Mises stress distribution of the conical augment for (a) LCSS and (b) LCSP (c) LCAS
and (d) LCAP models.
9.4 Conclusions
The use of eonieal augments to treat large uneontained tibial defeets in TKR surgeries is one 
whieh should be approaehed with eaution. Ideally this option should only be eonsidered in 
eases o f elderly low-demand patients. The effeet o f sueh severe overhang o f the tibial tray 
with absent bone support is likely to result in the fatigue strength value o f Ti6A14V been 
exeeeded. The use of a bloek augment should be eonsidered by the surgeon as the first option 
to treat large uneontained defeets. Conieal augments should only be eonsidered when the 
eaneellous bone eontains large eentral eavitary defeets. In addition the use o f bone 
allograft/autograft should be eonsidered to fill sueh large peripheral defeets and reduee tibial 
tray overhang. The use of stem extensions is reeommended with the above models as they 
signifieantly reduee the unstable high eaneellous bone stresses produeed by the peripheral 
defeet.
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Chapter 10 
Summary and Discussion
Loosening and migration of tibial prostheses have been identified as primary causes of early 
TKR failure. The probability o f loosening may be increased due to defected bone in the 
proximal tibia as correct fixation and alignment may not be achieved. Clinical studies using 
metal augmented features (i.e. wedge, block and conical) have shown these to be a viable 
alternative to other means o f defect treatment (i.e. bone graft and use of cement). Regions o f 
high stress and/or stress concentrations may be prone to loosening in TKR. FE analysis ean 
be used to identify sueh regions and to advise surgical teams on an appropriate course of 
action when dealing with defects. A review of current literature on defect treatments shows 
an absence of research into FE modelling of defect treatments in both 2D and 3D initial and 
long term stability studies.
Initial 2D stability studies o f type-2 defeet treatments options (cement bloek, cement wedge, 
metal block and metal wedge) were carried out with two defect angles o f 15° and 30° 
considered. The effect of adding a stem extension was also considered. Two regions of 
interest (ROI) were examined near the defect margin with von Mises stress values averaged. 
Shear stresses were also plotted along the eement-bone interface at the margin o f the defect. 
Analysis indicated that the use of a metal block results in the lowest von Mises stress values 
in the ROIs and eement-bone interface shear stresses in both defeet sizes with or without a 
stem extension. This compares well with elinical studies which show a higher success rate 
and stability with metal augments compared with cement augments (Patel et al., 2004). The 
use o f a stem extension was found to be more beneficial in the treatment of larger defects and 
may not be necessary in the case of smaller defects. This is beneficial to the surgeon and the 
patient as eliminating the need of a stem extension would reduce surgery time and result in 
less trauma/risk of infection to the patient. However this 2D study was a preliminary study 
with 3D studies necessary to validate such findings.
Bone resorption in the proximal tibia ean also lead to increases in the possibilities o f 
loosening o f prosthesis. Predicting the bone resorption patterns in the proximal bone may aid
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the surgeon in choosing the most suitable method to treat tibial defects. A bone remodelling 
algorithm based on the average principal strain to predict the remodelling trends in bone was 
described. This algorithm was verified to be suitable using a 2D femur model, 2D intaet tibia 
model and 2D TKR model with bone resorption patterns as expected elinically and 
convergence after an appropriate time period. The algorithm was then applied to the 2D 
defect models described above with the same ROIs examined. Results showed more bone 
loss in the ROIs examined for the metal augments, particularly the metal block compared 
with the cement augments. No ROI for any condition showed eomplete bone resorption. As 
metal augments perform superiorly clinically it is believed that the extra bone loss observed 
is not likely to result in loosening o f the augment. Instead it is believed that the lower bone 
stress values as obtained in the initial stability study result in better clinical performance.
3D FE models of non-defeet TKR with and without stem extensions for a mobile-bearing 
(MB) tray were created. Methods used in TKR surgery clinical practice were followed 
closely in the ereation o f the models. The use of a stem extension was found to signifieantly 
reduce the displacement o f the model with the majority o f displacement oeeurring due to 
bending in the sagittal plane. Overall the models showed good stability with stresses 
produced within the maximum thresholds for compressive, tensile and shear strengths. In 
addition fatigue strength values were not exceeded whieh is o f particular importance in the 
case o f knee replacement as the materials used undergo a high rate of eyclic loading during 
the lifetime of the prosthesis. The stem extension was also shown to reduce proximal stresses 
in the eaneellous bone while not contributing to any excessive stress-shielding. Thus these 
preliminary models were shown to aceurately represent a tibial replacement and thus can be 
used as control models for the remainder o f this research.
3D FE models were created of TKR medial defect models treated with small and large blocks 
o f 10 mm and 15 mm respectively. Results showed that in cases where defeets are less than 
15 mm on one condyle only that a standard stem is adequate. The use o f cement to fill 
proximal defects o f 10 mm or 15 mm is not considered to be suitable as stresses carried by 
the cement block exceed those of the fatigue limit. Metal augments are also considered 
superior to that o f cement augments as they reduce proximal bone stresses (but not to a 
degree o f causing regions o f additional bone resorption). In clinical practice it is possible that 
a patient may present with additional defects such as central defects at the time o f surgery
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thus compromising stability. Thus the results presented above may not be sufficient for all 
patients receiving a block augment.
Small and large conical augments were also created to treat central contained defects and to 
analyse their stability with and without stem extensions. Clinical practices employ a stem 
extension with all eonical augment treatments as it is believed necessary to maintain stability 
in largely defect proximal bone. Due to the nature o f the geometry of conical augments, their 
usage in TKR modelling with a standard stem has been shown to produce high stress 
concentrations at the bone/augment interfaces and stem tip in the FE study particularly in the 
case o f the large conical augment model. There is evidence that the inclusion o f press-fit stem 
extensions has the capability to reduce these stress concentrations and thus reduce the 
possibility o f failure due to loosening or migration of the prosthesis. Thus it is recommended 
that press-fit stems should be used in treating severe type-2 and type-3 defects with conical 
augments as is the ease in standard clinical practice.
The large conical augment was also used to treat a medial uneontained defect subjected to 
symmetrical and asymmetrical loading. This resulted in large overhang of the tibial tray with 
absent bone support. As a result the fatigue strength value o f the material o f the tibial 
component was exeeeded. The use o f a block augment should be considered by the surgeon 
as the first option to treat large uneontained defects. Conical augments should only be 
considered when the cancellous bone contains large central cavitary defects. In addition the 
use o f bone allograft/autografl should be considered to fill such large peripheral defects and 
reduce tibial tray overhang. The use of stem extensions is recommended with the above 
models as they significantly reduce the unstable high cancellous bone stresses produeed by 
the peripheral defeet. Additional results from the asymmetrical loading model, which can 
replicate everyday activities, recommend that conieal augments to treat uneontained defects 
should only be used in the elderly, low-demand patient.
As with all FE studies limitations exist which cause uncertainty in reported results. In the 
case o f the 2D initial stability models limitations associated with 2D modelling exist sueh as 
plane strain assumptions and simplified tibial geometry. In the 3D models the analysis only 
considered stress and loading profiles for one stage o f gait (i.e. late stance phase) and thus did 
not consider the whole gait cycle or the effect o f ligament and muscle attaehments. 
Limitations associated with all initial stability models include the use o f ideal bone material
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properties (i.e. homogenous, isotropie and linear elastic), the assumption o f quasi-static and 
symmetrical condylar loading (except Chapter 9) and the use of simplified ideal tibial 
geometries. However as this study was a comparison study of different defect treatments only 
the results can still be used to determine the most effective treatment technique for a 
particular defect type. In the case o f the long-term stability analysis bone modulus changes 
were only considered from a purely mechanical point of view as the effect o f other factors 
such as hormonal influences can also affect bone properties. In the long term stability 
analysis similar limitations associated with 2D modelling also exist. Other limitations with 
the bone remodelling algorithm include the choice o f parameters which may vary between 
patients. These parameters were chosen based on the replieation of results from a single 
clinieal study only (i.e. Saari et al., 2006). Clinical studies have reported varied degrees o f 
bone loss and thus it is highly likely that the predicted bone loss in this study will vary 
between patients. The use o f an initial modulus value and a common number o f daily eycles 
will also result in inaccuracies in bone modulus changes reported.
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Conclusions and Future Work
FE models can produce an accurate representation o f joint replacement and provide 
invaluable insight into the resulting effect o f joint replacement materials on internal bone 
stresses which is not possible with elinical studies. Appropriate treatment o f defects in TKR 
surgery can reduce the need for further revision and provide a stable prosthesis for the 
patient. This research attempted to use FE analysis to investigate the use o f eurrently 
available defect treatments in TKR with a view to establishing the best method for a 
particular defect type.
Results presented show that the use o f bone cement to fill defects should be confined to the 
treatment of shallow defects. Larger defects should be treated with metal bloeks with stem 
extensions not considered necessary, thus reducing surgery time and complexity. However 
the use o f stem extensions was considered necessary when a eonical augment is used in TKR 
due to high stresses obtained in the proximal bone. Long term clinical results on the use of 
conical augments (not currently available) can also provide valuable insight into these 
findings.
As outlined in Chapter 10 the 3D models detailed in this report did not include the effect of 
ligament attachments and their effect on stress patterns as only the late stance stage o f gait 
was eonsidered. Models will be expanded in future work to include the influence o f the 
patellar ligament, which is considered to have the greatest effect on tibia loading compared 
with other ligaments, at different stages of gait (Nordin et al., 2001). In addition the TKR 
models will also need to be created in patient specific models, created from patient-specific 
CT scan data using image processing software, as the results found in this study were created 
on ideal bone geometry (i.e. isotropic, homogenous and linear elastic). From patient-specific 
data moduli o f various regions can be identified and an anisotropic, heterogeneous model 
produced and analysed. Future work will also involve the application o f the bone remodelling 
algorithm to these 3D FE tibia models.
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The use of in-vitro synthetie bone models to validate the FE model results is also necessary in 
future work. Ineorporation o f tibial components and augments into tibial bone models, 
subjected to loading patterns as demonstrated by previous in-vitro studies can be used to 
make comparisons and validate the FE work. The use of strain gauges attached to the tibial 
models can be used to verify if  similar strain patterns are being produced.
FE TKR models have been successfully created and analysed in this research. The research 
makes a novel contribution to studying the effect o f augments and types o f stems on the 
surrounding eaneellous bone with recommendations to surgieal teams on their usage. 
However as outlined not all patients presenting for TKR will have the same level o f defeet 
and thus the results o f this research may not be applicable to all cases. CT seans o f patients 
prior to surgery ean identify defects present to enable the surgeon to make the best eorrective 
action. Thus it is envisaged that in future CT scans from patients could be instantaneously 
transformed into FE TKR models with stress analysis helping the surgeon to make the 
appropriate defect treatment decision on a patient to patient basis.
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SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT,
ItIME,DTIME,CMNAME,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER,
|kSPT, KSTEP,KINC,NDI,NSHR,COORD,JMAC,JMATYP,MATLAYO,LACCFLA) 
INCLUDE 'ABA_PARAM.INC 
CHARACTER*80 CMNAME,ORNAME 
CHARACTER*3 FLGRAY(15)
DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3, 3) ,T(3,3) ,
|t i m e(2)
DIMENSION ARRAY(15),JARRAY(15),JMAC(*),JMATYP(*),COORD(*) 
CALL GETVRM('EP', ARRAY, JARRAY, FLGRAY, JRCD, JMAC, JMATYP, 
Imat layo, LACCFLA)
EMAX=ARRAY(3)
EMIN=ARRAY(1)
EMAXI=EMAX * EMAX 
EMIN1=EMIN*EMIN 
EMAX2=SQRT(EMAXI)
EMIN2=SQRT(EMINl)
EAVERAGE=(EMAX2+EMIN2)/2 
STATEV(2) = EAVERAGE
El = 0.002 
E2 = 0.003 
N - 8000 
BI = 20 
C l  =  2  
C2 = 3
IF (KINC > 1) THEN 
IF (EAVERAGE < El) THEN 
Z = (Bl * ((El - EAVERAGE)**C1))*-l 
ELSEIF (EAVERAGE > E2) THEN 
Z = Bl * ((EAVERAGE - E2)**C2)
ELSE 
Z = 0 
ENDIF
FIELD(1) = STATEV(1) + Z*DT1ME*N 
IF (FIELD(1) > 1.0) THEN 
FIELD(1)=1.0 
ENDIF
IF (FIELD(1) < -1.0) THEN
FIELD(1) = -1.0
ENDIF
STATEV(1) = FIELD(1)
IF (NPT.EQ.2) THEN 
IF (NOEL.EQ.2526) THEN 
WRITE (6,*) FIELD(1)
ENDIF
ENDIF
ENDIF
RETURN
END
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ibstract
'he change in the modulus of bone in the proximal tibia due to 
one remodelling following total knee replacement (TKR) is of 
reat interest in the study of loosening, migration and long-term 
"ability of implants. Analysis of clinical data from TKR studies 
ave identified areas of stress-shielding, bone loss and localised 
verloading of bone. Static, finite element (FE) modelling of 
KR coupled with bone remodelling algorithms can be used to 
plicate these in-vivo conditions. The bone remodelling 
Igorithms provide support to this analysis by calculating 
lodulus and bone density changes in areas adjacent to the 
ôsthesis. The use of the average principal strain as the stimulus 
)r remodelling in conjunction with threshold strain values is 
escribed and investigated with a proximal tibia cemented TKR 
odel (post and pre-implantation) with a symmetric loading 
ate. Results show regions prone to bone loss and formation 
milar to that observed clinically. Results will prove to be 
finable to orthopaedic surgery concerning choice of prosthesis 
nd use of augments based on the degree of bone loss predicted 
)r various prosthesis material, cement, stem length and augment 
■ymbinations.
keywords
one Remodelling; Finite Element; Bone Modulus 
itroduction
he number of total knee replacement (TKR) surgeries has 
icreased steadily since 1980 worldwide with an associated 
icrease in revision surgeries performed. Loosening/migration of 
rosthesis has been identified as a primary cause for revision 
irgery [1] and thus an analysis of the initial and long term 
ability of TKR is necessary to address the high revision rate.
one remodelling is a naturally occurring process which occurs 
i a result of the internal adaptation of the bone to stimuli and the 
aintenance of bone in response to internal and external signals 
;.g. loading, disuse and hormonal influences). The study of this 
ruetural adaptation can be extended to implants/prostheses to 
:sess areas of possible bone resorption and formation which 
ay lead to early failure of the prostheses. Stress-shielding 
)mmonly occurs following TKR due to the higher elastic 
odulus value of materials used in comparison to that of bone, 
hus methods to improve prosthesis design to reduce the level of 
jne resorption and possible prosthesis loosening can be 
vestigated.
one remodelling algorithms are used coupled with finite 
ement (FE) models to determine the regions of bone susceptible 
resorption (and thus loosening/migration and instability) after 
KR. Several remodelling criteria have been proposed with 
fferent stimuli used as the driving force for remodelling. These 
elude a strain energy density stimulus, damage stimulus or the 
aximum/minimum principal strain stimulus. FE models 
corporating these algorithms have been tested using bone
models (e.g. 2D proximal femur) to determine their suitability for 
analysis of bone adaptation.
Materials and Methods 
A Remodelling Algorithm
The algorithm implemented in the remodelling analysis presented 
here was based on a uniform strain criterion initially proposed by 
Cowin and Hegedus [2] according to the equations:
dE
dt
B ( s  -  5" ; 
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B { s  -
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£ ■ < £ • ,  
^, < £• < f  2 
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(1)
where E is the elastic modulus, s is the average principal strain. 
Si and 82 are target strains of 0.002 and 0.003 respectively, C is 
the nonlinear exponent of strain-adaptive remodelling which has 
a value of 2 for bone resorption (i.e. s < 8 %) and 3 for bone 
formation (i.e. 8 > 82) and B is a remodelling constant which has 
a value of 20. These values have been found to closely match 
remodelling trends. The value of (s-Si) is commonly referred to 
as the absolute value of the error and depends on the value of s 
for the time increment (e.g. 1 day). Figure 1 shows the above 
equation represented graphically with the equilibrium zone 
highlighted. Thus the value of the elastic modulus for every 
element is updated at the end of each time increment until the 
required time is reached. Maximum and minimum values of E 
were chosen as 0.01 MPa (total resorbed bone) and 13.5 GPa 
(cortical bone). The maximum value of E was evaluated as the 
average value of cortical human bone in the longitudinal and 
transverse directions. This remodelling algorithm is incorporated 
as a user-defined field subroutine (USDFLD) in the FE analysis.
‘lazy* or equifibrlum zone
Figure 1. Graph that governs the ehange in modulus rate depending on 
value of average principal strain value
B FE models
Two-dimensional, static, finite element models were created of 
the proximal tibia post and pre-implantation of a cemented 
prosthesis with a 35mm stem (see Fig. 2). Plane strain FE 
analysis was performed using ABAQUS 6.7 software (Simulia, 
Warrington, UK). Eight-noded quadratic reduced integration 
finite-clement elements were used for all materials in both 
models. The pre-implantation model consisted of 4893 bone
lements while the TKR model consisted of 327 polyethylene 
lements (tibial insert), 731 titanium elements (tibial tray and 
;em), 124 PMMA elements (cement) and 3676 bone elements, 
able 1 shows the mechanical properties of the materials used, 
lo relative motion was permitted between the various interfaces 
1 the model. All components were assumed to be isotropic, 
omogeneous and linearly elastic.
Material E (MPa) I) 1
PMMA 2270 0.231
UHMWPE 2230 0.251
Ti4AL6V 110000 O.3 3 I
able 1. Materials used in TKR model
he distal end of the tibia was constrained in all directions. A 
lint reaction force (JRF) of 2058 N (3 times body weight) was 
]plied to the condyles with an even distribution to both condyles 
1]. The loading frequency used was 8000 cycles per day in both 
lodels. Beginning with a homogenous elastic modulus value of 
750 MPa (mid-value of completely resorbed and cortical bone) 
i] the simulations were run for 500 days by which time bone 
langes were small. Resorption and formation of bone were 
assified as loss and increase respectively of elastic modulus 
ver time at a particular element.
I 11 * ! j  i k
Cement
Lateral side Medial side
gure 2. Components of the TKR model and loading forces applied.
esults and Discussion
both models cortical bone was formed along the lateral and 
edial sides of the tibia. The exclusion of the patellar ligament 
id collateral ligaments on the tibia may cause inaccuracies in 
e results. The models also had lower modulus bone in its 
oximal region with bone of greater modulus value occurring 
stally (Fig. 3) similar to what occurs in human proximal tibia, 
lese results compare favourably with other research [3].
(Avg; 75%)
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Figure 3.(a) TKR model and (b) non-TKR model showing bone modulus 
distribution after 500 days showing regions of bone loss (dark black) and 
bone gain (grey).
Fig. 3a shows regions of severe bone loss between the tibial tray 
and stem. Some elements in these regions underwent complete 
resorption after 1500 days which is a common feature identified 
in revision surgery with all stem designs [4]. This bone loss 
became less severe moving distally from the tibial tray. Regions 
further distally predicted no remodelling as these elements lie in 
the equilibrium zone. The use of average principal strain as the 
stimulus for remodelling is used to represent the anisotropic 
elastic properties of bone. This is a large oversimplification of the 
properties of bone but has nevertheless been shown to predict 
somewhat accurate bone remodelling distributions in other 
research [5]. Also the assumption of all elements in the model 
having an initial uniform modulus value would have greatly 
affected the results.
Conclusions
The models detailed identify stress-shielded areas of bone where 
failure is likely to occur in a TKR model. The models can be 
utilized to predict the most suitable form of implant for a 
particular patient including choice of prosthesis material, use of 
augments etc. whereby an FE model of the patients’ bone can be 
created using CT data. The models will be enhanced to include 
the influence of ligaments present in the joint.
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1. INTRODUCTION
Approximately 600 000 [1] total knee replacements (TKR) are performed annually 
in the US alone and approximately 10%-12% of those involve revision knee 
surgery. Defective bone stock requires the use of augments to stabilise the tibial 
plate. In these cases, current clinical practice is to use an extended implant stem 
to ensure stability. The problem with this is that it reduces the potential for future 
knee revisions. This paper summaries the use of biomechanical techniques along 
with remodelling algorithms in order to provide support to replicate the in-vivo 
conditions. These models can be subjected to a range of load cases using finite 
element analysis with the amount of defected tibia and the size of augments 
varied. Augments are used in clinical practice to stabilise the tibial tray and 
preserve the healthy bone in patients with varying depths of bone defects in the 
proximal tibial. Analysis of clinical data has identified the regions of bone loss, 
stress shielding and localised overloading in bone. Results will be compared to the 
clinical practices of implantation of endoprostheses and will provide an important 
insight into the initial and long-term stability of various implantation schemes.
2. METHODOLOGY
In this project, ABAQUS (Simulia, UK) is used as the primary finite element (FE) 
modelling tool. Other advanced model generation software such as Simpleware^*^ 
were used to create three dimensional geometric models of the implanted knee 
from the CT scans. Remodelling algorithms are incorporated as a user-defined 
field (USDFLD) subroutine in the FE analysis. The material properties are taken 
from the range of references [2, 3] and are described in Table 1. At this stage the 
models are assumed to have isotropic, homogenous and linear elastic material 
properties.
Table 1: M aterial P ro p e r t ie s
C o m p o n en t Young s  M odulus Poisson  s  Ratio Model
Bone 0.01 - 13 500 MPa 0.30 2D
Cement 2.15 GPa 0.48 2D/3D
Cortical Bone 17 GPa 0.30 3D
Cancellous Bone 700 MPa 0.30 3D
Tibial Tray 117 GPa 0.30 2D/3D
Tibial Augment 117 GPa 0.30 2D/3D
Tibial Insert (UHMWPE) 2.3 GPa 0.23 2D
2.1 S h o r t- te rm  S tab ility
The model shown in figure 1(A) is a control knee arthroplasty model with no 
augments used. The model is constrained at the distal end of the tibia, in all six 
degree of freedoms. The total force applied is three times the body weight (2058 
N). The results from the biomechanical analysis of the control model will be used 
to understand the FE analysis of augmented knee arthroplasty. Figure 1(B) shows 
the augmented total knee replacement model with a block augment used to treat 
a peripheral defect of 10 mm depth.
Im plant Tray^
Cem ent.
C an ce llo u s 
" B one — -
Block
A ugm ent'
C ortical
B one
Figure 1: (A) The control model o f TKR with implant, cement and bone regions. (B) TK R model with a bloack
augment with 10 mm depth
2.2 L ong-term  S tab ility
Long-term stability of tibial implants is assessed using a bone remodelling study 
(see Figure 2) to locate areas of proximal bone prone to resorption due to stress- 
shielding and thus regions of possible loosening and migration. The algorithm 
used is that based on a strain stimulus [4] according to the equations:
dE
dt
C lB {s -  gj ) 
0 i f ( 1)
where E is the elastic modulus, c is the average principal strain, Ei and £ 2  are 
target strains of 0.002 and 0.003 respectively. C l and C2 are the nonlinear 
exponents of strain-adaptive remodelling which have values of 2 for bone 
resorption (i.e. bone loss will occur when £ < £1 ) and 3 for bone formation (i.e. 
bone growth will occur when £ > £2 ) respectively and B is a remodelling constant 
which has a value of 2 x 10  ̂ MPa/day. These values were shown to be the most 
suitable values for matching clinical data for bone loss in the pre-implantation 
proximal tibia in a previous 2D remodelling analysis [5]. The algorithm was 
applied to a 2D TKR and non-TKR model as shown in Figure 4.
‘la z y ’ o r  e q u ilib r iu m  z o n e+ v e
d E
d t
Figure 2: Graph that governs rate o f change o f modulus depending on value o f average principal strain.
3. RESULTS AND DISCUSSION
The pressure load in the control 3D model was applied normal to the plane of the 
resection tibial surface. Figure 3 shows the low stress and low strain regions due 
to stress shielding. The proportionate stress-strain values were found to be ideal 
for bone resorption and lower than bone formation benchmark [6-7].
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Figure 3: Contour plot o f (A) the direct stresses acting normal to the plane o f tibial resection and (B) maximum
principal strain.
In the bone remodelling study the TKR model predicts bone loss (a reduction of 
modulus) around the implant stem compared with the non-implanted model, as 
shown in Figure 4.
The short term and long term stability analyses were found to be in 
consistent to predict regions of bone formation and resorption. This preliminary 
analysis will be expanded to include more accurate 3D tibial TKR models in 
conjunction with augments (conical, block and wedge).
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Figure 4: 2D tibia bone models showing field variable distribution after 365 days for (A) TK R model and (B) non­
implanted model
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